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Abstract
This thesis is concerned with reduction of non-linear distortion in a directly modulated uncooled 
semiconductor laser using feed-forward compensation and investigating the performance of broadband 
millimetre-wave wireless over fibre systems.
One of the key elements that determine the performance in a fibre optic link is the linearity of the 
optical source. Direct modulation of an uncooled semiconductor laser diode is a simple and cost 
effective solution. However, the distortion and noise generated by the laser limit the achievable 
dynamic range and performance in a system. Feed-forward linearisation is demonstrated at 5 GHz, the 
highest operating frequency reported, with 26 dB third order intermodulation distortion suppression 
and simultaneous noise reduction leading to enhanced spurious free dynamic range of 107 dB (1Hz). 
The effectiveness of feed-forward in a multi-channel system is investigated. Laser non-linearity can 
cause spectral re-growth and interchannel distortion that can completely mask the adjacent channel. A 
significant 11 dB interchannel distortion suppression and 10.5 dB power advantage is obtained 
compared to the non-linearised case. These results suggest that feed-forward linearisation arrangement 
can make a practical multi-channel or multi-operator wireless over fibre system.
In the second part of this thesis the first experimental transmission of wireless data over fibre with 
remote millimetre-wave local oscillator delivery using a bi-directional semiconductor optical amplifier 
in a full duplex system with 2.2 km coarse wavelength division multiplexing fibre ring architecture is 
demonstrated. The use of bi-directional SOAs in place of unidirectional erbium doped fibre amplifier 
or unidirectional SOAs, together with the use of CWDM and optical distribution of the local oscillator 
signal allow substantial reduction in overall complexity and cost. Successful transmission of data over 
12.8 km fibre is achieved with clear and well defined constellations and eye diagrams as well as 10.5% 
and 7.8 % error vector magnitude values for the downlink and uplink directions, respectively.
The thesis also presents an implementation and performance of a millimetre-wave gigabit wireless 
over fibre system. CWDM devices such as uncooled laser diodes and passive components are used for 
the first time in a gigabit system allowing cost savings compared to dense WDM. This makes such 
solutions more attractive for millimetre-wave access systems. Optically modulated gigabit wireless 
data signals to and from the base stations are distributed at 5 GHz and up-converted using a remotely 
delivered LO source. Eye diagrams and bit error rate are measured to assess the system performance.
2
Acknowledgements
First, I would like to extend my heartfelt gratitude to my supervisor Professor Alwyn J. Seeds for his 
guidance and suggestions throughout the course of this project. Much of this would not have been 
possible without his tremendous support and encouragement during the difficult times. I am also 
grateful to Dr John E. Mitchell for his invaluable advice and helpful discussions.
I would like to thank past and present colleagues in the Ultra-Fast Photonics group for their help 
and making the duration of the research very enjoyable: Cyril Renaud, Marianna Pantouvaki, Martyn 
Fice, Seung-Fei Kong, Jack Chuang, Ed Burr. Special thanks to Chin-Pang Liu for his assistance in the 
lab. I would also like to thank the workshop (Trevor Hamer and Jim Vansickle) for their assistance in 
designing laser mounts.
Finally, I would like to thank my parents for their patience and continuous support through these 
years.
3
Table of Contents
1 Introduction..................................................................................................................17
1.1 Microwave and Millimetre wave Frequencies............................................................................ 17
1.1.1 Radio frequency propagation characteristics.......................................................................19
1.1.2 Wireless systems/technologies.............................................................................................20
1.2 Wireless Local Area Network and Standards.............................................................................. 23
1.2.1 WLAN standards....................................................................................................................23
1.2.2 WLAN transmission performance........................................................................................28
1.3 Overview of Wireless over F ibre..................................................................................................30
1.3.1 Signal transport schemes RF, IF, Baseband....................................................................... 31
1.3.2 Sub-carrier multiplexing (SCM)...........................................................................................36
1.3.3 Direct and external modulation.............................................................................................37
1.4 Characteristics of Optical Links....................................................................................................39
1.4.1 Optical transmitters................................................................................................................ 40
1.4.2 Noise sources in fibre optic system......................................................................................40
1.4.3 Carrier-to-Noise ratio (CNR).................................................................................................41
1.4.4 Dynamic range........................................................................................................................ 43
1.4.5 Modulation quality measurements........................................................................................44
1.5 Objectives and Novel Achievements of the Thesis.....................................................................45
1.5.1 Objectives of the thesis.......................................................................................................... 45
1.5.2 Novel achievements of the thesis..........................................................................................45
1.6 Thesis Organisation.........................................................................................................................48
1.7 Conclusion........................................................................................................................................49
References.................................................................................................................................................50
2 Laser Non-linearity and Distortion Compensation Techniques...............................56
2.1 Introduction...................................................................................................................................... 56
2.2 Linearity and Distortion..................................................................................................................57
2.2.1 Two tone third order intercept point.....................................................................................59
2.2.2 The need for linearisation...................................................................................................... 60
2.3 Laser Diode Characteristics............................................................................................................ 62
2.3.1 Modulation response of the laser.......................................................................................... 63
4
2.4 Distortion Compensation Techniques......................................................................................... 67
2.4.1 Predistortion............................................................................................................................ 67
2.4.2 Dual parallel modulation.......................................................................................................71
2.4.3 Linearisation of external modulator..................................................................................... 74
2.4.4 Injection locking techniques................................................................................................ 76
2.4.5 Opto-electronic feedback......................................................................................................77
2.4.6 Quasi-Feed-forward...............................................................................................................79
2.4.7 Feed-forward...........................................................................................................................80
2.5 Conclusion........................................................................................................................................83
References.................................................................................................................................................85
3 Feed-forward Linearisation: Theory and Experimental Results..............................92
3.1 Introduction......................................................................................................................................92
3.2 Theory.............................................................................................................................................. 95
3.2.1 Analysis of feed-forward......................................................................................................95
3.2.2 Reduction of distortion......................................................................................................... 98
3.2.3 Theoretical prediction of distortion cancellation...............................................................99
3.2.4 Laser noise reduction..........................................................................................................101
3.3 System Evaluation......................................................................................................................... 104
3.3.1 Effect of loop imbalance......................................................................................................104
3.3.2 Loop cancellation bandwidth.............................................................................................. 105
3.3.3 Broadband cancellation.......................................................................................................105
3.3.4 Component selections.......................................................................................................... 106
3.3.5 Dispersion penalty............................................................................................................... 107
3.4 Adaptive Feed-forward Linearisation..........................................................................................110
3.4.1 Adaptive nulling...................................................................................................................I l l
3.4.2 Pilot signal (Carrier injection)............................................................................................114
3.4.3 Feed-forward loop control using look up tables................................................................115
3.4.4 Variable gain and phase compensation..............................................................................115
3.4.5 Vector modulator..................................................................................................................116
3.5 Experimental Arrangement of Feed-forward............................................................................. 118
3.5.1 Characteristic response of the lasers.................................................................................. 118
3.5.2 Experimental arrangements.................................................................................................122
3.5.3 Loop setup.............................................................................................................................124
3.5.4 Non ideal device considerations......................................................................................... 129
3.6 Experimental Results..................................................................................................................... 132
3.6.1 Two tone intermodulation distortion................................................................................. 132
5
3.6.2 Laser RIN reduction and dynamic range.......................................................................... 134
3.6.3 Spectral re-growth and interchannel distortion................................................................ 136
3.7 Conclusion......................................................................................................................................144
References............................................................................................................................................... 145
4 Wireless over Fibre Systems and Networks.............................................................. 147
4.1 Introduction....................................................................................................................................147
4.2 Review of Wireless over Fibre Transmission Experiments.....................................................148
4.2.1 Millimetre-wave systems.................................................................................................... 148
4.2.2 Optical frequency conversion.............................................................................................151
4.3 Local Oscillator Signal Generation............................................................................................. 153
4.3.1 Optical heterodyne techniques............................................................................................154
4.4 System Architectures..................................................................................................................... 158
4.4.1 Star......................................................................................................................................... 158
4.4.2 Star-T ree............................................................................................................................... 160
4.4.3 Bus......................................................................................................................................... 161
4.4.4 R ing .......................................................................................................................................163
4.4.5 WDM and Crosstalk in wireless over fibre networks......................................................166
4.5 Gigabit System Performance........................................................................................................168
4.5.1 Link analysis......................................................................................................................... 173
4.5.2 Simulation............................................................................................................................. 178
4.6 Semiconductor Optical Amplifier................................................................................................182
4.7 Conclusions..................................................................................................................................186
References...............................................................................................................................................187
5 Wireless over Fibre Transmission: Experimental Results....................................... 197
5.1 Introduction.................................................................................................................................... 197
5.2 Full Duplex RF System.................................................................................................................197
5.2.1 T ransmission experiment.....................................................................................................198
5.2.2 Results.................................................................................................................................. 199
5.3 Full Duplex Millimetre-wave Bi-directional System................................................................202
5.3.1 Optically generated 40 GHz LO source.............................................................................202
5.3.2 Transmission experiment.................................................................................................... 205
5.3.3 Experimental results............................................................................................................ 208
5.4 Mi Hi metre-wave Gigabit Transmission.......................................................................................209
5.4.1 Transmission experiment.................................................................................................... 209
5.4.2 40 GHz LO source............................................................................................................... 211
6
5.4.3 DPSK modulator and transmitter........................................................................................212
5.4.4 DPSK demodulator and receiver........................................................................................214
5.4.5 Experimental results............................................................................................................ 214
5.5 Conclusion......................................................................................................................................217
References...............................................................................................................................................218
6 Conclusion...................................................................................................................219
6.1 Summary of the Thesis..................................................................................................................219
6.2 Objectives Realised....................................................................................................................... 222
6.3 Novel Results Achieved................................................................................................................224
6.4 Suggestions for Further W ork...................................................................................................... 225
References.............................................................................................................................................. 226
7
List of Figures
Figure 1.1 Attenuation versus frequency for microwave and mm-wave range ....................................... 19
Figure 1.2 Network for W LAN.......................................................................................................................23
Figure 1.3 Illustration of RF (mm-wave) over fibre system configuration................................................ 32
Figure 1.4 Illustration of IF over fibre system with optical LO delivery....................................................34
Figure 1.5 Sub-carrier multiplexed transmission...........................................................................................36
Figure 1.6 Direct and external modulation.................................................................................................... 37
Figure 1.7 Experimental layout of a wireless over fibre based WLAN system ........................................39
Figure 1.8 Error vector and related param eter..............................................................................................44
Figure 2.1 Third order intermodulation distortion........................................................................................ 58
Figure 2.2 Illustration of the third order intercept point...............................................................................59
Figure 2.3 Transmit spectrum mask for IEEE802.1 la WLAN standard .................................................. 60
Figure 2.4 Typical laser diode transfer characteristics (LI curve).............................................................. 62
Figure 2.5 Modulation response of a DFB laser at various bias levels......................................................65
Figure 2.6 Practical modulation response of a laser diode ......................................................................... 66
Figure 2.7 Basic principle of predistortion compensation............................................................................67
Figure 2.8 Diagram of Predistortion compensation...................................................................................... 68
Figure 2.9 Dual parallel modulation scheme................................................................................................. 72
Figure 2.10 Schematic representation of the cascaded linearised modulator ........................................... 74
Figure 2.11 Basic schematic of Opto-electronic feedback.......................................................................... 77
Figure 2.12 Principle of Quasi-feed-forward compensation........................................................................ 79
Figure 2.13 Schematic diagram of the Optical Feed-forward Transmitter................................................ 81
Figure 3.1 Diagram of the feed-forward system............................................................................................93
Figure 3.2 Vector signal cancellation........................................................................................................... 100
Figure 3.3 Theoretical distortion cancellation in feed-forward dependent on amplitude and phase
mismatch................................................................................................................................................. 101
Figure 3.4 Feed-forward distortion reduction with dispersion penalty..................................................... 108
Figure 3.5 Adaptive feed-forward..................................................................................................................110
Figure 3.6 Adaptive feed-forward using energy minimisation technique.................................................112
Figure 3.7 Adaptive feed-forward using correlation technique................................................................. 113
Figure 3.8 Pilot signal technique for adaptive feed-forward..................................................................... 114
8
Figure 3.9 Circuit setup for characterising the laser modulation response................................................118
Figure 3.10 Modulation response of the two lasers with varying bias current (a) Laser 1 and (b) Laser 2
 118
Figure 3.11 Modulation response of the two lasers up to 12 GHz (LI left and L2 right)......................119
Figure 3.12 Su measurement for the two lasers used in feed-forward system (LI left and L2 right).. 120 
Figure 3.13 Improved modulation response using 2-8 GHz microwave isolators to minimise RF
reflections (LI left and L2 right).......................................................................................................... 121
Figure 3.14 Wavelengths of the two lasers used in feed-forward. Left plot is for Laser 1 and the right
plot for Laser 2 ....................................................................................................................................... 121
Figure 3.15 Overall feed-forward experimental arrangement................................................................... 122
Figure 3.16 Overall feed-forward experimental arrangement in a case....................................................123
Figure 3.17 Experimental setup for carrier cancellation loop performance............................................. 124
Figure 3.18 Carrier cancellation loop at 5.2 GHz, (left plot) amplitude matching and (right plot) phase
matching.................................................................................................................................................. 126
Figure 3.19 Experimental setup for distortion cancellation loop performance........................................ 127
Figure 3.20 Distortion cancellation loop at 5.2 GHz amplitude matching (left plot) and phase matching
(right plot)...............................................................................................................................................129
Figure 3.21 Overall feed-forward experimental arrangement................................................................... 132
Figure 3.22 Detected electrical spectra of overall system under direct two-tone modulation (a) without 
feed-forward linearisation and (b) with feed-forward linearisation. The mean optical output 
powers of the overall system were 0.9 dBm in (a) and 1.7 dBm in (b). The microwave input
power per tone @ 5.2 GHz ± 5 kHz is 5 dBm at the power splitter input.......................................134
Figure 3.23 Dynamic range measurement of overall system with and without feed-forward linearisation
@5.2 GHz ± 5  kHz................................................................................................................................135
Figure 3.24 Detected RF spectra with and without feed-forward..............................................................136
Figure 3.25 EVM and SNR vs. Channel B input power with Channel A at +13 dBm. Channel filter
bandwidth: 20 MHz................................................................................................................................137
Figure 3.26 Detected -23 dBm Channel B in-phase eye-diagrams with Channel A at +13 dBm with
feed-forward disabled (left) and enabled (right). Channel filter bandwidth: 20 MHz................... 137
Figure 3.27 Detected RF spectra with feed-forward disabled (left) and enabled (right), both Channels A
and B set at +13 dBm............................................................................................................................. 138
Figure 3.28 Detected RF spectrum of the three QPSK channels with and without feed-forward
linearisation.............................................................................................................................................139
Figure 3.29 Detected -23 dBm Channel C in-phase eye-diagram and constellation points with feed­
forward disabled (left) and enabled (right). Channel filter bandwidth: 20 MHz............................ 139
Figure 3.30 EVM and SNR vs. Channel C input power. Channel filter bandwidth: 20 MHz................140
9
Figure 3.31 Distortion cancellation loop at 5.8 GHz amplitude matching (left plot) and phase matching
(right plot)...............................................................................................................................................141
Figure 3.32 Carrier suppression loop at 5.8 GHz amplitude matching (left plot) and phase matching
(right plot)...............................................................................................................................................141
Figure 3.33 Detected RF spectrum with and without feed-forward at 5.8 G Hz.....................................142
Figure 3.34 Detected Channel B eye and constellation diagrams for 16 QAM (a) without feed-forward 
(b) with feed-forward. EVM is 24.9% without feed-forward. EVM is 9.3% with feed-forward. 142 
Figure 3.35 Detected Channel B eye and constellation diagrams for 64 QAM (a) without feed-forward 
(b) with feed-forward. EVM is 19.8% without feed-forward. EVM is 9.3% with feed-forward. 143 
Figure 3.36 Detected RF spectra with feed-forward disabled (upper) and enabled (lower), both
Channels A and B set at +10dBm.........................................................................................................143
Figure 4.1 Experimental arrangement for the fiber based OIPLL system. ML: master laser, SL: slave 
laser, PD: photo-detector, LF: loop filter, AD: adjustable delay line. Thick line indicates the
optical p a th .............................................................................................................................................155
Figure 4.2 Proposed 40 GHz LO source.......................................................................................................157
Figure 4.3 Star network architecture............................................................................................................. 158
Figure 4.4 Wireless over fibre star network architecture............................................................................159
Figure 4.5 Implementation of a (a) double star architecture using passive splitting and (b) Star-Tree
architecture using Mux-Demux............................................................................................................ 159
Figure 4.6 Wireless over fibre system incorporating bus architecture...................................................... 162
Figure 4.7 Wireless over fibre system incorporating a ring architecture..................................................163
Figure 4.8 Full diagram for the mm-wave Gigabit wireless over fibre system (S=Splitter for LO) 168
Figure 4.9 LO delivery at the BS for frequency up/down conversion...................................................... 168
Figure 4.10 Schematic diagram of an OADM used in the ring architecture............................................ 169
Figure 4.11 Gigabit system downlink & uplink with component specifications (Gain and noise figures
are in dB)................................................................................................................................................. 174
Figure 4.12 Overall system calculation for the mm-wave Gbit/s downlink showing link parameters and
results...................................................................................................................................................... 177
Figure 4.13 Overall system calculation for the mm-wave Gbit/s uplink showing link parameters and
results...................................................................................................................................................... 177
Figure 4.14 Optsim modelling diagram of the mm-wave Gbit/s system downlink and uplink with
optical L O ...............................................................................................................................................178
Figure 4.15 Simulated downlink eye diagram for the mm-wave Gbit/s system with Q factor of (a) 15.2
dB (b) 7.2 dB and (c) the measured eye diagram............................................................................... 180
Figure 4.16 Simulated uplink eye diagram for the mm-wave Gbit/s system with Q factor of (a) 16.2 dB 
(b) 7.6 dB and (c) the measured eye diagram.................................................................................... 180
10
Figure 4.17 Simulated BER for the mm-wave GBit downlink................................................................. 181
Figure 4.18 Simulated BER for the mm-wave GBit uplink........................................................................181
Figure 4.19 Comparison of the probability of bit error rate for common modulation schemes............181
Figure 4.20 Schematic diagram of an SOA and spontaneous and stimulated processes in a two level 
system.......................................................................................................................................................182
Figure 5.1 Feed-forward linearisation arrangement.....................................................................................198
Figure 5.2 Wireless over fibre transmission system with optical spectra at various points. Feed-forward
linearisation is employed at BS 1......................................................................................................... 199
Figure 5.3 Detected RF spectra at 2.4 GHz without feed-forward and with feed-forward..................... 200
Figure 5.4 Detected -23 dBm Channel B constellation and eye diagram with Channel A at +12 dBm (a)
without feed-forward (b) with feed-forward...................................................................................... 200
Figure 5.5 Detected RF spectra with feed-forward enabled and disabled, channels A and B are set at
+12 dBm..................................................................................................................................................201
Figure 5.6 Optically generated 40 GHz LO source using heterodyning and injection locking.............203
Figure 5.7 Optical spectra at the MZM output and at the injection locked heterodyne LO source output
.................................................................................................................................................................. 203
Figure 5.8 Detected RF spectrum of the LO source output (Resolution Bandwidth = 300 kHz)......... 204
Figure 5.9 Detected single sideband (SSB) phase noise spectra of the 40 GHz injection locked
heterodyne LO source and the 20 GHz reference signal generator source.....................................205
Figure 5.10 Full duplex wireless over fibre transmission experimental arrangement with electrical and
optical spectra at various points...........................................................................................................206
Figure 5.11 SOA gain versus forward current.............................................................................................206
Figure 5.12 SOA gain versus output power................................................................................................. 207
Figure 5.13 SOA noise figure versus forward current................................................................................207
Figure 5.14 Demodulated 3.5 MSymb/s QPSK data for the downlink and the uplink. The two quadrants
show the constellation diagram and eye diagram...............................................................................208
Figure 5.15 Full duplex gigabit wireless over system (VA-variable attenuator).....................................210
Figure 5.16 Frequency response of the mm-wave filter centred around 35 GHz................................... 210
Figure 5.17 Optically generated 40 GHz LO source and the optical spectrum at the output................211
Figure 5.18 Frequency response of the LO filter centred around 40 GHz............................................... 211
Figure 5.19 Detected single sideband (SSB) phase noise spectra of the 40 GHz LO source and the 20
GHz reference signal generator source...............................................................................................212
Figure 5.20 Implementation of the differential encoder using an XOR gate output............................... 213
Figure 5.21 Illustration of a differential encoder with a divide by 2 counter..........................................213
Figure 5.22 DPSK modulator and transmitter.............................................................................................213
Figure 5.23 Implementation of the DPSK demodulator.............................................................................214
11
Figure 5.24 Detected downlink eye diagrams at 1 Gbit/s (a) upper trace reference transmit input, lower 
trace receiver demodulated with 0 dB attenuation (b) 10 dB attenuation (c) 20 dB attenuation .215 
Figure 5.25 Detected downlink pattern sequence (a) upper trace reference path, lower trace system
output, sequence is 10101010, (b) upper trace reference path, lower trace system output, sequence
is 10001000............................................................................................................................................ 215
Figure 5.26 Detected uplink eye diagrams at 1 Gbit/s (a) upper trace reference transmit input, lower 
trace receiver demodulated with 0 dB attenuation (b) 10 dB attenuation (c) 20 dB attenuation .216 
Figure 5.27 Detected uplink pattern sequence (a) upper trace reference path, lower trace system output, 
pattern sequence is 10101010, (b) upper trace reference path, lower trace system output, pattern
sequence is 11101110........................................................................................................................... 216
Figure 5.28 Detected overall system BER for the downlink and uplink................................................. 216
12
List of Tables
Table 1.1 Main parameters for WiMAX IEEE802.16 .................................................................................21
Table 1.2 Worldwide WLAN standards in the 5 GHz band........................................................................ 25
Table 1.3 Summary of main specifications for various Wireless LAN standards.................................... 27
Table 1.4 Main parameters of the OFDM standard ..................................................................................... 28
Table 1.5 Receiver sensitivity requirements for IEEE802.1 la together with EVM................................. 29
Table 3.1 List of components used in feed-forward experimental setup.................................................. 123
Table 4.1 Summary of the network dimensions achievable for the star-tree architecture with different 
network topologies................................................................................................................................161
Table 5.1 Implementing a high speed differential encoder-Truth table....................................................212
13
List of Acronyms
2G Second Generation mobile standard
3G Third Generation mobile standard
AP Access Point
ASE Amplified Spontaneous Emission
ASK Amplitude Shift Keying
BER Bit Error Rate
BPF Band Pass Filter
BPSK Binary Phase Shift Keying
BS Base Station
BWA Broadband Wireless Access
CATV Cable TV
CDMA Code Division Multiple Access
CNR Carrier to Noise Ratio
CS Central station
CSMA/CA Carrier Sense Multiple Access / Collision Avoidance
CTB Composite Triple Beat
CW Continuous Wave
CWDM Coarse Wavelength Division Multiplexing
DAS Distributed Antenna System
dB Decibel
dBc Decibel relative to carrier
dBm Decibel milliwatt
DBPSK Differential Binary Phase Shift Keying
DEMUX Demultiplexer
DFB Distributed Feed-Back
DPSK Differential Phase Shift Keying
DR Dynamic Range
DRO Dielectric Resonator Oscillator
DSBSC Double Side-Band Suppressed Carrier
DSSS Direct Sequence Spread Spectrum
DWDM Dense Wavelength Division Multiplexing
14
EAM Electro-Absorption Modulator
EAT Electro-Absorption Transceiver
EDFA Erbium Doped Fibre Amplifier
EIRP Equivalent Isotropically Radiated Power
EOM Electro-Optic Modulator
ETSI European Telecommunications Standard Institute
EVM Error Vector Magnitude
FBG Fibre Bragg Grating
FDM Frequency Division Multiplexing
FDMA Frequency Division Multiple Access
FHSS Frequency Hopping Spread Spectrum
FWA Fixed Wireless Access
Gbit/s Gigabit per second
GHz GigaHertz
HIPERACESS High Performance Radio ACCESS
IEEE Institute of Electrical and Electronics Engineers
IF Intermediate Frequency
IM Intensity Modulation
IMDD Intensity Modulation Direct Detection
ISM Industrial, Scientific and Medical
ISO Isolator
LAN Local Area Network
LD Laser Diode
LED Light Emitting Diode
L-I Light vs Current
LMDS Local Multipoint Distribution Services
LNA Low Noise Amplifier
LO Local Oscillator
LPF Low Pass Filter
MM-wave Millimetre-wave
Mbit/s Megabit per second
MMDS Multichannel Multipoint Distribution System
MMIC Microwave Monolithic Integrated Circuit
MMF Multi Mode Fibre
MQW Multiple Quantum Well
MUX Multiplexer
MVDS Multipoint Video Distribution Services
15
MZM Mach-Zehnder Modulator
NF Noise Figure
OADM Optical Add Drop Multiplexer
OFDM Orthogonal Frequency Division Multiplexing
OIL Optical Injection Locking
OIPLL Optical Injection Phase Lock Loop
OPLL Optical Phase Lock Loop
PD Photo-detector or Photodiode
PRBS Pseudo Random Bit Sequence
PSK Phase Shift Keying
QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase Shift Keying
RF Radio Frequency
RIN Relative Intensity Noise
RN Remote Node
SCM SubCarrier Multiplexing
SFDR Spurious Free Dynamic Range
SMF Single Mode Fibre
SNR Signal to Noise Ratio
SOA Semiconductor Optical Amplifier
SSB Single Side Band
TDM Time Division Multiplexing
TDMA Time Division Multiple Access
UTC Uni-Travelling Carrier
UTC-PD Uni-Travelling Carrier Photodiode
VCSEL Vertical Cavity Surface Emitting Laser Diode
VSA Vector Signal Analyser
VSG Vector Signal Generator
WDM Wavelength Division Multiplexing
WiMAX Wireless Interoperability for Microwave Access
WLAN Wireless Local Area Network
WoF Wireless over Fibre
16
Chapter 1
Introduction
This chapter provide a background and an overview of the thesis. In the first Section 1.1 a brief 
overview of mobile phone and wireless systems is given. Millimetre-wave (mm-wave) characteristics 
and main applications are briefly considered. Section 1.2 provide a discussion on wireless local area 
network (WLAN) technologies and main standards such as IEEE802.11a/h/g. Wireless over Fibre 
(WoF) technology has been proposed as a cost effective approach for distribution of microwave and 
mm-wave broadband services and various signal transport schemes are considered in Section 1.3. The 
fibre has the potential to deliver a wide range of services with huge bandwidth and low loss. The 
relative merit of direct and external modulation is outlined and issues like noise and distortion 
properties in optical links are reviewed in Section 1.4. The objectives of this thesis and novel 
achievements are summarised in Section 1.5. Section 1.6 provides details of structure for the rest of the 
thesis. The last Section 1.7 summarises the conclusion.
1.1 Microwave and Millimetre wave Frequencies
Wireless systems have gained extensive acceptance for mobile and fixed communications such as 
cellular communications. For a number of years the extension of mobile systems to broader bandwidth 
and a variety of services has been explored in activities around the world [1]. Traditionally, only voice 
traffic had to be accommodated but now many more demands are being placed on the network. The 
predicted growth in mobile phone traffic and the move towards enhanced mobility will lead to a need 
for a wireless infrastructure that provides increasing bandwidth per user. In order to offer broadband 
services (voice, data, multimedia services), these systems will need to offer higher data transmission 
capacities well beyond the present day standards of wireless systems. Wireless LAN (IEEE802a/h/g) 
offering up to 54 Mbit/s operating at 2.4 GHz and 5 GHz, and 3G mobile networks (IMT200Q/UMTS) 
offering up to 2 Mbit/s [2] operating around 2 GHz, are some of today’s main wireless standards. 
IEEE802.16 or Worldwide Interoperability for Microwave Access (WiMAX) is another standard 
aiming to bridge the last mile through mobile and fixed wireless access to the end user at frequencies 
between 2-66 GHz. Future broadband wireless networks will operate at microwave frequencies to 
deliver high bit rate (> 150 Mbit/s) signals to mobile users. Mobile and fixed wireless access systems 
are planning to move towards higher transmission rates. For instance, the 4th generation of mobile 
phones should be able to support a maximum data rate of 100 Mbit/s, while future development of the
17
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IEEE 802.1 In standard for WLAN target 500 Mbit/s. The need for increased capacity leads to higher 
operating frequencies (above 6 GHz) and smaller radio cells. To reduce the system installation and 
maintenance cost of such systems it is imperative to make base stations (BS) as simple as possible. 
Fiber optic systems now play a key role in long haul communication traffic and with the progressive 
evolution of Ethernet standards; optical fibre is penetrating into broadband local access.
The demand for higher wireless transfer data rates and the limited spectrum resources in the 
microwave range drives research towards millimetre-wave1 (mm-wave) frequencies (i.e. above 30 
GHz). This will provide more radio spectrum resource and better frequency reuse due to reduced cell 
size [3]. Internet traffic is being dominated by the transport of high bandwidth multi-media content, 
such as video broadcasting and peer-2-peer traffic with expectations of continued growth. Remote 
medical diagnostics/surgery applications also require huge bandwidth. For instance, the distribution of 
high quality video requires a raw data throughput of 1 Gbit/s. Multiple input multiple output (MIMO) 
is an emerging technology that can be used for developing Gbit/s wireless transmission systems [4]. 
Within the European Community (EC) the frequency range 40.5 GHz to 42.5 GHz has been allocated 
for Multipoint Video Distribution Services (MVDS) and the EC RACE Mobile Broadband System 
(MBS) envisages the use of the frequency range from 62 GHz to 66 GHz for the provision of 
broadband services to pedestrians and vehicles. A wide variety of applications for mm-wave systems is 
discussed in [4]. The FCC allocated an un-precedent 7 GHz of spectrum for licence free operation 
between 57-64 GHz, this compares to about 500 MHz of spectrum allocated between 2-6 GHz for wi-fi 
and other license free applications. An overview of research and development trends in mm-wave 
application systems in Japan and other countries is discussed in [5]. High attenuation of mm-wave 
signals has the associated advantage of small cells when deploying microcell and picocell systems, 
particularly beneficial in wireless LAN where the cells are essentially confined to small size. In 
addition, only for fixed access, antennas can be designed to be highly directional. As a result, any 
multipath that may exist in the channel is significantly attenuated by the antenna side lobes.
One disadvantage of mm-wave frequencies is their short propagation distance, resulting in smaller 
radio coverage cell size due to higher propagation losses (i.e., high oxygen absorption at 60 GHz) 
which greatly limits the wireless coverage area and therefore requires a large number of BSs to cover a 
given area. This also has the implication that the bandwidth obtained at GHz frequencies enables 
relatively compact, highly efficient and narrow beam width antennas to be designed. With directional 
antenna more gain could be provided for the wireless link budget, which could therefore allow 
increased cell radius, thereby reducing the number of BSs required for full coverage.
Systems designed for widespread coverage are not suitable for high density regions. To cope with 
the increasing traffic volume and large coverage of the network, high capacity can be achieved by 
splitting cells [6]. Small cells are used to increase capacity and have the benefit that adjacent cell
1 The millimetre wave band is strictly between 30-300GHz and microwave frequencies in the band of 3-30 GHz.
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interference is minimum and can have a high degree of frequency reuse factor. The concept of 
frequency reuse involves a frequency channel which can be used multiple times in different cells 
provided the cells are sufficiently far apart. If the same frequency channel is reused every N cells, and 
cluster size is N then the reuse factor is 1/N. The total area to be covered is divided into a number of 
small cells, each being served by its own BS. This is achieved by breaking the “macrocells” into a 
number of “microcells” (200- 1000m diameter), each of which will use the same spectrum. This 
effectively reduces the size of each cell thus reducing the traffic loading and hence congestion. The 
smaller cells also allow the antenna power to be reduced because of shorter transmission distances. 
Microcells are designed to provide coverage with limited interference to the outside world and high 
capacity for high traffic densities in urban and suburban areas to users both outdoors and within 
buildings. Progressive cell splitting leads to picocells to provide a more localised coverage than 
microcells, such as inside buildings where coverage is poor or when there are large numbers of users. 
Picocells offer greater frequency reuse, lower power transmitters, and higher throughput.
1.1.1 Radio frequency propagation characteristics
As the transmission frequency is increased to the mm-wave range, the propagation losses also increase. 
Systems designed to operate in the frequency range around 30 GHz (10-66 GHz in general) are 
typically limited to operate with an unobstructed line of sight (LOS) link, due to significant attenuation 
through trees experienced at these frequencies. The attenuation in the atmosphere increases 
significantly, and the effects of rain, fog, snow, oxygen and water vapour resonance’s place limitations 
on the range of transmission. Figure 1.1 give curves of atmospheric attenuation versus frequency for 
propagation over the microwave and mm-wave range and shows the loss effects. The frequency band 
at 60 GHz is of particular interest for MBS offering high bit rates of about 155 Mbit/s. The 62-63 GHz 
band is allocated for the downlink while 65-66 GHz is allocated for the uplink transmission. The high 
attenuation approximately 14 dB/km at 60 GHz [7] allows small cells to be used with reduced power 
and high spectral efficiency due to high frequency reuse. Like all radio links that operate above 10 
GHz, intense rainfall significantly limits the distance over which 60 GHz links can transmit data.
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Figure 1.1 Attenuation versus frequency for microwave and mm-wave range [7]
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Oxygen absorption-this is an unique property that does not affect lower frequencies. Oxygen 
attenuates 60 GHz signals by 12-16 dB per km, which is the main reason that 60 GHz links cannot 
cover the distances achieved by other mm-wave links. The impact of the small beam sizes coupled 
with oxygen absorption makes the links highly immune to interference from other 60 GHz radios, 
since another link in the immediate vicinity will not interfere if its path is even moderately different 
from the first link, and any radio operating beyond the immediate vicinity will have its signal severely 
attenuated by the oxygen attenuation. These two factors make the signal highly secure.
1.1.2 Wireless systems/technologies 
Fixed wireless systems
With increased demand for broadband services new wireless systems will operate at mm-wave 
frequencies such as Local Multipoint Distribution Services (LMDS) at 28 GHz, Microwave Video 
Distribution Services (MVDS) at 40 GHz (0.5-1 km cell) and Mobile Broadband System (MBS) at 60 
GHz.
Wimax (802.16)
The two driving forces of modem internet are broadband, and wireless. The WiMax (IEEE 802.16) 
standard combines the two and provides a high speed internet access over a wireless connection. Since 
it can be used over relatively long distances, it is an effective “last mile” solution for delivering 
broadband to the home, and for creating wireless “hot spots” in places like airports, college campuses, 
and small communities. WiMAX will provide high speed network connections and thereby serve as a 
backbone for IEEE802.11 WLAN hotspots.
The first version of the IEEE802.16 was introduced in Dec 2001 and defines WirelessMAN air 
interface standard for fixed broadband wireless access (BWA) metropolitan area networks (MANs) [8]. 
The standard covers a wide range of frequencies from 10 to 66 GHz and propagation mechanism in 
this region of spectrum restricts the use of this system to LOS [9]. An amendment of the 802.16a 
standard to support 2-11 GHz using an enhanced version of the same basic medium access control 
layer along with new physical layer specifications, is also developed [10]. IEEE802.16a in Jan 2003 
was extension for 2-11 GHz, targeted for non line of sight, point to multi point applications like “last 
mile” broadband access.
The channels used in this physical environment are large. Typical channel bandwidth allocations 
are 20 or 25 MHz (US) or 28 MHz (Europe). With raw data rates in excess of 120 Mbit/s, this 
environment is well suited for point-to-multipoint access serving applications from small office/home 
office through medium to large office applications. The standard supports a wide variety of physical 
layer including various modulation schemes. On the uplink, support for QPSK is mandatory while 16 
QAM and 64 QAM are optional. The downlink supports QPSK and 16 QAM while 64 QAM is 
optional. Support for such a variety of modulation schemes permits trade off efficiency for robustness
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and vice versa. The standard is designed to accommodate either Time Division Duplexing (TDD) or 
Frequency Division Duplexing (FDD) deployments, allowing for both full and half duplex terminals in 
the FDD case. Table 1.1 lists the main parameters for the WiMAX.
802.16 802.16a/REVd 802.16e
Completed Dec 2001 802.16a: Jan 2003 
802.16 REVd
2005
Spectrum 10-66 GHz 2-11 GHz < 6  GHz
Channel Conditions Line of sight only Non line of sight Non line of sight
Bit rate 32-134 Mbps 
(28 MHz channel)
Up to 75 Mbps 
(20 MHz channel)
Up to 15 Mbps
Modulation QPSK, 16 QAM and 
64QAM
256 sub-carrier OFDM using 
QPSK, 16, 64 256 QAM
Same as 802.16a
Mobility Fixed Fixed Pedestrian Mobility
Channel
Bandwidths
20, 25 and 28 MHz Selectable channel bandwidth 
between 1.25 and 20 MHz
5 MHz (Planned)
Typical Cell Radius 1-3 Miles 3 to 5 miles; max range 30 
miles based on tower height, 
antenna gain, transmit power
Table 1.1 Main parameters for WiMAX IEEE802.16 [11]
Local Multi-point Distribution Services (LMDS)
LMDS is a fixed point to multipoint broadband wireless technology that operates in the 28 GHz band 
and offers coverage over distances up to 3-5 km and is an effective solution for last mile distribution. 
In the US, frequencies from 28 GHz through 31 GHz are used for LMDS. As a result of the 
propagation characteristics in this frequency range LOS is required. LMDS systems use a cellular like 
network architecture, though services are fixed, not mobile. Point-to-point systems are also capable of 
using the LMDS frequencies and can reach slightly further distances due to the increased antenna gain. 
Services using LMDS technology include high speed internet access, voice, data and video services. 
Throughput capacity and distance of the link depends on the modulation method used. Data transfer 
rates for LMDS can reach up to 1.5 Gbit/s but typically may average around 38 Mbit/s (downstream) 
and 200 Mbit/s for the upstream.
Multi-channel Multi-point Distribution Services (MMDS)
MMDS is a broadband wireless point-to-multipoint service used for general purpose broadband 
networking and is an alternative method of cable television. The MMDS band uses microwave 
frequencies from 2-3 (2.5-2.7 in the US) GHz with distances of up to 35 miles cell diameter non LOS.
Chapter 1: Introduction 22
Higher frequency bands are not chosen for MMDS due to higher free space or path attenuation. A 
typical data rate is 0.5-3 Mbit/s using OFDM modulation and transmission power used is generally in 
the 1 to 100 W range.
Mobile Broadband System
The MBS is a mm-wave system that will provide users a mean of radio access to broadband services 
supported on customer premises networks or offered directly by public fixed networks. This concept 
requires MBS to provide a mobile/moveable wireless extension to wired networks for information rates 
exceeding 100 Mbit/s operating in the 40 and 60 GHz band.
Other Technologies
UWB (UltraWide Bandwidth)
UWB is a promising technology for transmission at ultra high speed over short wireless links limited 
by the low power level signals transmitted by UWB devices and extremely short duration (on the order 
of picoseconds) impulses or bursts of RF energy. Data can be transmitted over a wide spectrum of 
frequencies for short to medium distances around 15 to 100 m. The UWB radio typically have short 
range in outdoor and indoor environments since the power level is regulated to -41 dBm/MHz across 
most of the 3.1 to 10.6 GHz spectrum. Current UWB devices can transmit data up to 100 Mbit/s, 
compared to the 1 Mbit/s of Bluetooth and 54 Mbit/s of 802.1 la/g. It is anticipated that UWB can be 
used to send data over short distance personal area networks that link wireless devices such as 
notebooks, PCs, and PDAs in businesses and homes. UWB is also fast enough to accommodate 
multimedia traffic, including video, voice, and data. The modulation scheme is OFDM and the user 
access is TDMA.
Deploying UWB wireless networks for ultra-high speed transmissions may be difficult due to the 
large bandwidth requirements and short propagation distances of wireless UWB signals. The coverage 
of such networks can be extended by remoting the antenna units from the central station using optical 
links for both indoor and outdoor applications. The extremely wide occupied bandwidth (3.1 -  10.6 
GHz) of UWB signals make optical fibre links suitable transmission means for delivering UWB 
signals from a centralised location to remote nodes (Access Points) and vice-versa. Wah et al 
demonstrated RF signal of UWB transmitted over multimode fibre using VCSELs [12]. Binary Phase 
Shift Keying (BPSK) UWB signals directly modulate an 850-nm optical carrier of a 7.5 GHz 
bandwidth VCSEL laser at data rates ranging from 100 to 400 Mbits/s. The spectrum of the BPSK 
UWB signal was measured from 1.96 to 10.34 GHz which exceeds the bandwidth of the VCSEL used. 
Measured results show dispersion in the link caused by modal dispersion arising from multimode fibre.
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1.2 Wireless Local Area Network and Standards
Since wireless local area networks (wireless LANs) provide more flexibility and convenient 
connections than wired networks, there is an increasing demand recently. Two WLAN configurations 
are possible: Infrastructure mode or peer-to-peer mode. The simplest configuration is the peer-to-peer 
which is an ad hoc network formed by a group of devices (depending on the number of users in the 
network) in which the wireless units exchange information with other units directly. In a more complex 
WLAN infrastructure mode, shown in Figure 1.2 the wireless units transmit and receive information 
through an access point (AP). The AP receives the information signal and resends it to other mobile 
units. In this operation the AP is located to provide optimal coverage and multiple APs are used to 
provide coverage over a wide area. The AP can be connected to a LAN through a wired Ethernet 
connection. Each AP forms a microcell similar to a cellular system. Roaming is one of the main 
advantages, allowing users to move freely between different cells, while maintaining connectivity.
\  Wired Network 
*
\  Mobile users
Figure 1.2 Network for WLAN
1.2.1 WLAN standards
Over the past few years, different WLAN technologies and standards have been developed. Two main 
WLAN standards are: The Institute of Electrical and Electronics Engineers (IEEE) IEEE802.11 and the 
European Telecommunications Standards Institute (ETSI) HiperLAN-HIgh PERformance Radio LAN 
[13]. These standards are designed to operate in the unlicensed frequency bands and have the 
advantage of not requiring a license which greatly reduces the cost of deploying wireless systems. 
WLAN Instrumentation (or Industrial), Scientific and Medical (ISM) frequency band is 83.5 MHz 
from 2.400 GHz to 2.4835 GHz and Unlicensed National Information Infrastructure (U-NII) band at 5 
GHz is used.
The IEEE802.il standard in 1997 is one of the first generations for WLAN networks and later 
IEEE802.11b was introduced in 1999. These two WLAN standards, IEEE802.il and IEEE802.11b 
were designed to operate in the unlicensed 2.4 GHz ISM band and support a maximum data rate of 2 
Mbit/s and 11 Mbit/s respectively [14]. The original IEEE802.il standard employ DBPSK and 
DQPSK modulation scheme to achieve data rates of 1 and 2 Mbit/s. The IEEE802.1 lb standard adds
£
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5.5 Mbit/s and 11 Mbit/s data rates and is compatible with the 802.11 standard [15]. The modulation 
scheme of 802.11b is direct sequence spread spectrum (DSSS) using complementary code keying 
(CCK) to provide higher data rates and the chipping rate is 11 MHz, which is the channel bandwidth. 
Changing both the spreading factor and/or the modulation format varies the bit rate. The DEEE802.1 lg 
standard is also for 2.4 GHz with a maximum data rate of 54 Mbit/s using both 64 QAM and CCK to 
provide higher bandwidth and compatibility with 802.11b devices [16]. The IEEE802.11b spectrum at
2.4 GHz has recently become crowded by various other wireless devices operating in the same band 
such as cordless telephones and mobile portable devices (Bluetooth). In addition, the 2.4 GHz band 
suffers from microwave oven interference. Wireless LAN technologies using the ISM band must be 
equipped to deal with interference of all kinds.
The next generation of WLAN in the 5 GHz band take advantage of the EEEE802.11a standard, 
which was motivated by the release of 300 MHz of spectrum for unlicensed operation in the 5 GHz U- 
NII band at the beginning of year 2000. In addition to a larger bandwidth available compared to the 2.4 
GHz ISM band, which allows higher data rates, the 5 GHz band is also relatively free of interference 
from other devices. The IEEE802.1 la standard can transmit a range of data rates from 6 to 54 Mbps 
employing OFDM technology at 5 GHz carrier frequency [17]. The 300 MHz bandwidth available for 
IEEE802.11a is nearly four times the spectrum available for IEEE802.11b, which is about 83 MHz. 
From 300 MHz bandwidth, there is a continuous 200 MHz portion extending from 5.15 to 5.35 GHz, 
and a separate 100 MHz from 5.725 to 5.825 GHz. The lower 100 MHz is restricted to maximum 
power of 50 mW, the next 100 MHz to 250 mW, and the final 100 MHz to a maximum of 1 W to 
support outdoor communication.
ETSI [19] has developed standards and specifications for HiperLAN 1 and HiperLAN 2 (for 
mobile broadband short range access network). HiperLAN 1 provides high speed radio LAN system 
operating in the 5.15-5.30 GHz band which is divided into 5 channels with a peak power of 1 W 
supporting maximum data rates of 23.5 Mbps (typical data rate is 20 Mbit/s). HiperLAN 1 uses two 
different modulation formats: a simple 2 level FSK formats for low data rate, and Gaussian minimum 
shift keying (GMSK) for high data rate. The 2 level FSK formats use a symbol rate of 1.470 Mbit/s; in 
this case this is also the bit rate. For high data rate, HiperLAN 1 uses a 23.5294 Mbit/s GMSK 
modulation. The HiperLAN 2 standard was published in April 2000 and is the second in a series of 
ETSI WLAN standards. (The HiperLAN 1 standard was never commercially launched). It also 
operates in the 5 GHz band using OFDM with 52 sub-carriers per channel providing a maximum data 
rate of about 54 Mbit/s. 48 sub-carriers carry data and 4 sub carriers are pilots which facilitate phase 
tracking for coherent demodulation. A channel spacing of 20 MHz is used, allowing 19 channels in the 
allocated European spectrum. BPSK, QPSK and 16 QAM are supported modulation schemes, 64 QAM 
is optional. In the lower frequency band 5.150 GHz to 5.350 GHz, the first nominal carrier frequency is 
5.180 GHz and the last one is 5.320 GHz. The RF power permitted in this band is 200 mW mean EIRP 
for indoor use only. In the upper frequency band from 5.470 GHz to 5.725 GHz, the first nominal
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carrier frequency is 5.500 GHz and the last one is 5.700 GHz with a power limit of 1W for indoor and 
outdoors.
To allow interoperability WLAN standards have been developed worldwide. Table 1.2 
summarises the worldwide WLAN standards operating in the unlicensed 5 GHz frequency band. The 
high speed wireless access network type a (HiSWANa) standard was published by the Association of 
Radio Industries and Business (ARIB) [18]. This is a Japanese standard for WLAN in the 5 GHz band, 
and is very similar to the HiperLAN 2 standard in Europe.
IEEE802.1 la Hiperlan/2 HiSWANa
Region United States Europe Japan
Unlicensed frequency 
band of operation
5.15-5.35 GHz 
5.725-5.825 GHz
5.15-5.35 GHz 
5.47-5.725 GHz
5.15-5.25 GHz
Maximum data rate 54 Mbps
Modulation technique OFDM
BPSK, QPSK, 16 QAM, 64 QAM
Network topology Peer-to-peer/infrastructure
Table 1.2 Worldwide WLAN standards in the 5 GHz band
Future Wireless LANs
Conventional IEEE 802.11a/b/g WLAN’s operating in the congested 2.4 and 5 GHz frequency bands 
are limited in terms of capacity and coverage. Multiple Input Multiple Output (MIMO) in combination 
with OFDM has been proposed to enhance their range and throughput. Wireless routers using MIMO 
technology in the 2.4 GHz band (802.1 lg) specified up to 108 Mbit/s have been introduced on the 
market. As the deployment of WLAN grows, there is a push to higher data rates. As a result moving to 
higher frequencies such as 40 and 60 GHz has been proposed, where LANs approaching 100 Mbit/s 
are the subject of research. Although these higher frequencies offer large amounts of spectrum, the 
radio system typically requires directional antennas for robust links. Therefore, they are more suited to 
fixed links, and the use of 2.4 GHz and 5 GHz bands will continue to have broader applicability.
ETSI [19] has developed standards and specifications for broadband radio access networks that 
cover a wide range of applications intended for different frequency bands. Major systems are 
HiperACCESS (for fixed wireless broadband access network) and HiperLINK (high speed radio links 
for static interconnections). HiperACCESS operates at 17 GHz (3-5 km cell), and provides outdoor, 
high speed (25 Mbit/s typical data rate) fixed radio access to customer premises and is capable of 
supporting multi-media applications. Technologies such as HiperLAN 2 might then be used for 
distribution within the premises. HiperLINK provides very high speed (up to 155 Mbit/s data rate) 
radio links for static interconnections intended for frequency of operation at 17 GHz and is capable of 
multi-media applications. A typical use is the interconnection of HiperACCESS networks and/or 
HiperLAN access points into a fully wireless network.
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The requirements for high data rates will push carrier frequencies into mm-wave (60 GHz). For 
instance, the AW ACS (ATM Wireless Access Communication System) is defined for 19 GHz with a 
data rate of 70 Mbit/s and a cell radius of 50-100m. The project will support limited, slow speed 
mobility as in line with expected use of high data rate services. The System for Advanced Mobile 
Broadband Applications (SAMBA) is a European union collaborative project and will operate at 40 
GHz with 34 Mbit/s and the MEDIAN (wireless broadband CPN/LAN for professional and residential 
multimedia applications) will operate at 61.2 GHz at a data rate of 155 Mbit/s with a radio cell size of 
10m [20]. The system is based on a multi-carrier modulation scheme (OFDM) and a TDD access 
technique which is adaptive to the actual user required data rates (up and downlink). The high 
frequencies result in smaller radio cells due to increased radio propagation losses and this means that 
numerous radio access points (or BSs) are required to cover a large area. The deployment and 
maintenance of such systems is economically infeasible, unless the cost and complexity of individual 
radio access points are significantly low. However, having smaller radio cells enhances efficient
frequency spectrum utilisation.
Wireless LAN standards
802.11 802.11b 802.1 lg 802.11a Hiperlan 1 Hiperlan 2
Operating
Frequency
(GHz)
2.40-2.4835 2.40-2.4835 2.4 GHz 5.15-5.35
5.725-5.825
5 GHz 5.15-5.35
5.47-5.725
Channel
separation
(MHz)
22 (DSSS), 
1 (FHSS)
25 MHz 20 MHz 23.5 MHz 20 MHz
Maximum 
data rate 
(Mbps)
1.2
BPSK(l) 
QPSK (2)
11
(1,2,5.5,11)
DBPSK (1) 
DQPSK (2) 
CCK (5.5, 11)
54
BPSK (6,9) 
QPSK (12, 
18)
16 QAM 
(24, 36) 
64QAM(54)
54
BPSK (6,9) 
QPSK (12, 
18)
16 QAM 
(24, 36) 
64QAM(54)
23.5 54
BPSK (6,9) 
QPSK (12, 18) 
16QAM (24, 
36)
64 QAM (54)
Radio
Technology
FHSS or DSSS DSSS OFDM OFDM Single
carrier
OFDM
Modulation
scheme
GFSK (FHSS), 
DBPSK or 
DQPSK 
(DSSS)
BPSK, QPSK, 
CCK
BPSK, 
QPSK, 
16 QAM, 
64 QAM 
OFDM
BPSK, 
QPSK, 
16 QAM 
64 QAM 
OFDM
FSK or 
GMSK
BPSK, QPSK, 
16 QAM,
64 QAM 
OFDM
Allocated
bandwidth
83.5 MHz 
(26 MHz 
Japan)
300 MHz 
(100 MHz- 
Japan)
455 MHz
Occupied
bandwidth
26 MHz (per 
channel)
16.6 MHz 
(per carrier)
16.6 MHz (per 
carrier)
Maximum
channels
13 channels 
(Europe)
13 channels 
(Europe)
8 channels
Carriers per 
channel
79 1 (DSSS) 48 data and 
4 pilot
48 data and 
4 pilot
1 48 data & 4 
pilot
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Transmit 
power mW
10 mW EIRP< 
100 mW
Maximum 
output power: 
USA:1000mW 
Europe: lOOmW 
Japan: 10 
mW/MHz
Up to 100 mW 
(20 dBm)
30 mW (15 
dBm) common
Up to 
100 mW (20  
dBm)
30 mW(15 
dBm) 
common
Up to 0.1 W 
30mW  
common
Pirau=50mW
(5.15-5.25)
Pmu=250mW
(5.25-5.35)
P™*=1W
(5.725-5.825)
Maximum  
o/p power
30 dBm 30 dBm 30 dBm 35 dBm  
(EIRP)
30 dBm  
(EIRP)
30 dBm (EIRP)
Table 1.3 Summary o f  main specifications for various Wireless LAN standards [14, 15, 16, 17]
Spread Spectrum Technology
Spread spectrum is the most commonly used WLAN technology and trades off bandwidth efficiency 
for reliability and security. It provides reliable and secure transmission in the ISM band by spreading 
the signal over a range of frequencies. The signal bandwidth is increased without increasing the data 
rate. Spread spectrum technology allow the chip rate to remain constant while the data rate changes. 
For example, a 1 Mbit/s rate has a spreading factor of 11, using BPSK modulation. QPSK replaces 
BPSK in order to double the bit rate to 2 Mbit/s at the same spreading rate of 11. Two kinds of spread 
spectrum technologies exist. These are Frequency Hopping Spread Spectrum (FHSS) and the Direct 
Sequence Spread Spectrum (DSSS) [21].
FHSS uses a narrowband carrier that changes frequency in a pattern known to both the transmitter 
and the receiver. When properly synchronised a single channel is maintained between the transmitter 
and the receiver. FHSS appears as short duration impulse noise to a different receiver. To ensure high 
security the bandwidth in FHSS technology is used inefficiently and therefore the system has lower 
throughput (1 and 2 Mbps). Since the frequency used for transmission is constantly changing FHSS 
systems are less prone to interference and are more secure compared to DSSS systems. Direct sequence 
spread spectrum spreads the signal energy over a large bandwidth and provides highly reliable 
transmission with relatively small SNR. DSSS generates a redundant bit pattern for each transmitted 
bit. The bit pattern, called a chip or chipping code, enables receivers to filter out signals that don’t use 
the same bit pattern, including noise or interference. As a result more bandwidth is used to transmit the 
information.
Orthogonal Frequency Division Multiplexing (OFDM)
To support higher data rates, a multi-carrier modulation scheme OFDM is used. OFDM was originally 
used in consumer products in digital audio and digital video broadcasting and ADSL modems. OFDM 
is seen as the modulation technique for broadband wireless communications systems such as wireless 
LANs and point-to-multipoint distribution systems because it provides increased robustness against 
fading and multi paths. OFDM divides the signal into several individually modulated sub carriers, all 
of which are transmitted in parallel. The advantage of this is that the relative amount of time dispersion
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per sub-carrier caused by multi path delay spread is decreased significantly. Furthermore, introducing a 
guard time in every OFDM symbol eliminates inter-symbol interference (ISI). In traditional frequency 
division multiplexing systems, the channel spacing is typically greater than the symbol rate. This is 
done in order to avoid overlapped spectrum. However, in OFDM, the sub-carriers are orthogonal to 
one another and the frequency spectrum of each sub-carrier overlaps the frequency spectrum of 
adjacent sub-carriers without interfering with one another. The channels can be placed closer together 
resulting in a more efficient use of allocated bandwidth. Orthogonality is achieved by spacing the 
carriers at durations equal to the reciprocal of the symbol duration. Two signals are orthogonal in a 
given interval if, when multiplied together and then integrated over that interval, the result is zero.
OFDM benefits from increased spectral efficiency due to the reduced sub-carrier spacing. The 
sub-carriers are modulated using phase shift keying (PSK) or quadrature amplitude modulation (QAM) 
and then translates to a high frequency signal at 5 GHz. This is similar to conventional frequency 
division multiplexing (FDM) or sub-carrier multiplexing, except for the stringent requirement of 
orthogonality between the sub-carriers. In comparison to single carrier modulation systems, OFDM has 
greater complexity since it is more sensitive to frequency offset and phase noise. Furthermore, 
orthogonal encoding leads to a relatively high peak to average power ratio, which reduces the power 
efficiency of the RF amplifier. Some of the OFDM parameters defined in the IEEE 802.11a standard 
include 52 sub-carriers, 312.5 kHz sub-carrier spacing, and 20 MHz channel spacing. 48 of the sub 
channels are used for the data, and the remaining four are for error correction. Other parameters in the 
OFDM standard are given in Table 1.4.
Data rate (Mbps) 6, 9, 12, 18, 24, 36,48, 54
Modulation BPSK, QPSK, 16QAM, 64QAM
Number of sub-carriers 52
Number of Pilots 4
OFDM symbol duration 4us
Guard interval 800 ns
Sub-carrier spacing 312.5 kHz
-3dB bandwidth 16.56 MHz
Channel spacing 20 MHz
Table 1.4 Main parameters o f  the OFDM standard [17]
1.2.2 WLAN transmission performance
The main parameters to consider are signal spectral mask, error vector magnitude (EVM) values, signal 
to noise ratio (SNR) and power levels. The receiver sensitivity is the minimum RF signal power level 
required at the input of the receiver for satisfactory system performance at a defined error rate. The 
receiver sensitivity is different depending on the standard being used and the data rate that is being
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transmitted. For IEEE802.11 standard the receiver sensitivity is defined as -80 dBm for the 1 Mbit/s 
and -75 dBm for the 2 Mbit/s specifications. For the IEEE802.1 lb  the minimum input level sensitivity 
is equal to -76 dBm. For IEEE802.1 la standard the lower 100 MHz is restricted to a maximum power 
of 50 mW (17 dBm), the next 100 MHz to 250 mW (24 dBm), and the final 100 MHz to a maximum 
of 1 W (30 dBm) to support outdoor communication. The receiver sensitivity varies with the data rate 
and is given in Table 1.5. The 802.11a standard allowable error vector magnitude (EVM) values in % 
is also given. In 802.11a data rates of 6, 9, 12 and 24 Mbit/s are mandatory for compliance with the 
standard, and data rates above 24 Mbit/s are optional and an EVM of 15.8% is specified. The EVM 
specification for IEEE802.1 lb  is 35% and maximum transmitter EVM is 5.62% for 802.1 lg.
One of specifications adopting OFDM, EEEE802.11a defines only sensitivities as a function of 
data rate. These sensitivities are based on the assumption that the noise figure of the receiver should be 
15 dB. (S/N)n»n can be calculated using three parameters specified in IEEE802.11a; sensitivity, noise 
figure and occupied bandwidth. It is assumed that the occupied bandwidth is 16.6 MHz. For example at 
12 Mbit/s (S/N)min=(-79 dBm)-(-101.7 dBm N^rmaiM^ dB NFsys)=7.7 dB
Data rate (Mbit/s) 6 9 12 18 24 36 48 54
Modulation BPSK BPSK QPSK QPSK
16
QAM
16
QAM
64
QAM
64
QAM
Sensitivity (dBm) -82 -81 -79 -77 -74 -70 -66 -65
(S /N )^  (dB) 4.7 5.7 7.7 9.7 12.7 16.7 20.7 21.7
EVM % 56.2 39.8 31.6 22.3 15.8 11.2 7.9 5.6
Table 1.5 Receiver sensitivity requirements for IEEE802.1 la  together with EVM [17]
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13 Overview of Wireless over Fibre
Wireless LAN systems using the IEEE802.11a/b/g standards are growing rapidly in popularity. With 
increased demand for broadband services new wireless systems will operate at mm-wave frequencies 
such as LMDS at 30 GHz, MVDS at 40 GHz and MBS at 60 GHz. The large number of BSs required 
at these frequencies and the difficulty of engineering mm-wave systems favour wireless over fibre 
(WoF) technologies. The WoF approach seem to be the successful technology for cost effective 
solution because it simplifies the BS and allow sharing of expensive equipment to be located at the CS 
[22]. It also enables dynamic allocation of capacity based on traffic demands or control of services due 
to centralisation of the switching, modulation and other functions [23].
For a full duplex operation, signals at the BS and CS undergo electrical to optical conversion 
before transmission over fibre [24]. Microwave modulated optical signals are generated by modulating 
the light from an optical source and transmitting these signals via optical fibre. The high capacity 
bandwidth and low signal loss of optical fibre has led to it being the preferred transmission method for 
conveying data over large distances. The link loss is almost independent of the fibre length and 
frequency and this is particularly useful for mm-wave systems. The wide transmission bandwidth of 
the fibre is also attractive for UWB and other future wireless systems; hence it is a future proof 
technology. Since the fibre is smaller in diameter it is lightweight, less expensive and has excellent 
immunity against electromagnetic interference (EMI).
In WoF systems, directly modulated laser sources are preferred to provide a compact solution and 
minimise system cost. In these systems laser non-linearity is a key issue and the Spurious Free 
Dynamic Range (SFDR) is the most important parameter. Laser Relative Intensity Noise (RIN) and 
non-linearities introduced by direct modulation of laser diodes introduce distortion that limit the 
dynamic range and hence degrade the system performance. The maximum power level is limited by the 
system non-linearities, which cause distortion, and the noise floor limits the minimum power level. The 
optical link from BS to the CS (uplink) requires a very low noise and distortion characteristics since 
the radio signal power received at the BS fluctuates greatly, due to fading, shadowing or changes in 
distance between the BS and the mobile station [25]. On the other hand, the dynamic range 
requirements for the downlink is less demanding than for the uplink since each carrier has constant 
intensity [26]. However, the noise and distortion for the downlink must be small enough so that their 
undesired emission from the BS may not interfere with other channels. Dynamic range requirements 
for analog fibre optic links in fibre fed wireless microcells results in 100 dB.Hz273 for optical 
transmitter [27] assuming an absolute spurious free condition for each channel [28]. To achieve this 
economical considerations suggest the use of compensated low cost lasers rather than extremely linear 
but expensive devices.
In the case of remote BS antennas the link span is usually in the range of some 100 m up to about 
2 or 3 km. Jung et al [29] have examined the feasibility of using coaxial cable as opposed to fibre for
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microcellular personal communication. In [30] it was shown that fibre links are appropriate and more 
cost effective than coaxial links for remote antenna feeding in a GSM network for link length of > 100 
m. Future systems will use higher frequency bands (1.8 GHz for GSM, 2 GHz for UMTS, 2.4 GHz for 
IEEE802.11b and 5.2 GHz for IEEE802.11a) [31] to accommodate the data requirements. With 
increased carrier frequency loss due to the coaxial link is much greater and transmission is preferred 
via fibre. The advantage of WoF [32] is that being (RF) modulation format transparent allows signals 
from several operators using different modulation formats to share a common infrastructure. WoF can 
distribute broadband and multi-service signals such as cellular (2G, 3G) and wireless LAN 
(802.11a/b/g) [33, 34]. This allows easier re-configurability since standards and a service change 
require upgrades at the CS only, not at each BS and hence is more cost effective.
WoF has many applications due to its simple, low loss and effective structure in distributing high 
frequency signals. Some of the main applications [35] are mobile communication [36], wireless LAN, 
broadband wireless access, multimedia (such as HD-TV, video on demand and interactive multimedia 
services), satellite communications and intelligent transportation system. A WoF based road vehicle 
communication system is described in [37] where several radio BSs communicate with a CS over WoF 
connections. WoF technology has attracted much of attention in recent work for cellular radio and is 
extensively used to enhance coverage inside buildings [38, 39, 40] especially in office buildings, but 
also in locations such as airports, shopping malls. It is hard to provide adequate 3G coverage within 
buildings without the use of in-building distributed antenna systems (DAS). Penetration from outdoor 
coverage is unreliable and insufficient, so installation of indoor system is inevitable. A DAS enables an 
in building installation with a centralised wireless architecture. Both single mode and MMF can 
transmit RF signals over km distances using directly modulated low cost laser sources [41, 42, 43]. A 
MMF fibre feeder for CDMA based digital cellular and wireless LAN systems is proposed in [44]. A 
high performance single mode VCSEL developed for analogue applications has been evaluated for use 
in a WoF for WCDMA in-building distributed antenna system [45]. Various bi-directional single fibre 
link for antenna remoting have been demonstrated [46, 47]. A bi-directional fibre optic link permit 
duplex signal transmission within a single fibre and leads to cost reduction. A bi-directional WoF link 
employing optical frequency multiplication in the downlink and an optical uplink transmission 
employing intensity modulation direct detection is demonstrated experimentally [48]. Hybrid free 
space optical and RF wireless links have also been investigated for broadband wireless networks [49].
1.3.1 Signal transport schemes RF, IF, Baseband
Wireless over fibre systems are commonly classified into three main types of transport schemes: Radio 
Frequency (RF), Intermediate Frequency (IF) or baseband over fibre. The choice of architecture 
determines the hardware required at the BS and its complexity. A full duplex system may combine 
different schemes on the downlink and uplink [50].
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RF over fibre
The simplest approach is to use RF over fibre where signals are transported directly at RF or mm-wave 
over the optical link as shown in Figure 1.3. This has the benefit that the link is transparent since the 
signals do not undergo any frequency translation. The BS architecture is also reduced in size and 
greatly simplified requiring only amplification and optical to electrical and electrical to optical 
conversion. In addition centralised control and processing of the signals allow easier upgradeability 
and re-configurability. However, at mm-wave frequencies direct transmission of RF signals is 
challenging because high frequency opto-electronic components are expensive. Large bandwidth 
photo-diodes with good conversion efficiencies are required both at the CS and BS. External 
modulation is carried out using a high speed modulator such as a Mach-Zehnder Modulator (MZM) or 
Electro-absorption modulator (EAM). However, these are expensive, have high insertion loss and good 
dynamic range performance is required. Full duplex transmission of 60 GHz mm-wave signal using an 
Electro-absorption Transceiver (EAT) has been demonstrated [51]. Furthermore, Single Sideband 
(SSB) modulation is needed to overcome chromatic dispersion which is more troublesome than at IF 
frequencies. The effect of dispersion at a wavelength of 1.55 pm for mm-wave modulated optical 
signals will limit the transmission distance and induce severe power degradation in the detected RF 
power of the mm-wave signal [52]. Dispersion effects can be significantly reduced using a single dual 
electrode MZM to generate optical SSB modulation as proposed by Smith et al [53, 54]. The 
generation, transportation and distribution of modulated optical signals in mm-wave WoF systems has 
been extensively studied [55, 56,].
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Figure 1.3 Illustration o f RF (mm-wave) over fibre svstem configuration
Chromatic Dispersion
In conventional intensity modulation, the optical carrier is modulated to create two modulation 
sidebands which are spaced from the carrier by the modulating frequency. When using standard optical 
fibre (with a chromatic dispersion parameter, D, typically around 17 ps/nm/km at a wavelength of 1550 
nm), the modulated optical signal will experience chromatic dispersion as it propagates over the fibre. 
The two sideband experience different amount of phase shifts because they travel at different velocities 
owing to fiber chromatic dispersion. Upon reaching the optical receiver, whenever the relative phase
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difference between two sidebands becomes out of phase, the photo-detected signal powers are greatly 
suppressed [57]. The RF power varies in a periodic manner with complete power suppression 
occurring at certain distances along the fibre length when the phase difference between the two beat 
signals is equal to 180 degrees.
The dispersion induced penalty on the detected RF power is dependent on the modulation 
frequency, dispersion parameter and the fibre transmission length. Propagation through fibre results in 
repetitive length dependent nulls in the received power. The first null occurs at a fibre length L metres, 
given by [58]:
L ~ 2 D f2A2 ( I1)
where D is the dispersion parameter in ps/nm/km, f (GHz) is the modulation frequency, A is the 
wavelength and c is the velocity of light in a vacuum. Millimetre wave operation at 1550 nm is 
therefore restricted to length of < 3 km at 30 GHz and < 800 m at 60 GHz if large power penalties are 
to be avoided [59]. When the modulating frequency reduces to 12 GHz the -3 dB RF power loss occurs 
at a fibre distance of 12 km. With lower modulating frequency i.e. 5 GHz the effect of dispersion is 
greatly reduced and signals can be transmitted at RF by direct modulation of an optical source.
Since fibre induced dispersion penalties are severe in direct detection optically fed mm-wave 
systems, it is necessary to consider alternatives, which may mitigate this problem. Techniques to cope 
with the effect of fibre dispersion mainly focus on heterodyne techniques [60] and other schemes based 
on chirped fibre gratings [61]. The transmission of two phase correlated optical modes separated by the 
desired mm-wave frequency in heterodyne technique will not be affected by fibre chromatic dispersion 
since there is only a single beat RF component generated at the receiver. In conventional intensity 
modulation, it is obvious that the dispersion effects can be overcome by elimination of one of the 
optical sidebands to generate optical single sideband (SSB) modulation. A convenient technique to 
produce optical single sideband modulation is via optical filtering where one of the optical sidebands is 
rejected [62]. Although both the optical carrier and the sideband experience a phase shift due to 
dispersion, there is only a single beat signal generated at the photo-detector therefore the detected RF 
power is not affected by dispersion. The filtering of the sideband can be performed using a fibre Bragg 
grating as a narrowband notch filter where the reflective band coincides with the wanted optical 
sideband. While this technique is easy to implement, the limited flexibility makes the implementation 
difficult to accommodate for any changes in the mm-wave frequency.
IF over fibre
Another scheme to reduce fibre chromatic dispersion effect is to transmit the radio signals over fibre at 
IF rather than mm-wave frequencies with remote up-conversion performed at the BS as shown in 
Figure 1.4. The dispersion penalty on the detected signal is greatly reduced by lowering the modulating 
frequency. The MODAL (Microwave Optical Duplex Antenna Link) [63] project has demonstrated a
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30 GHz system using a mm-wave carrier to down-convert signals to a lower IF (2GHz). Depending on 
the frequency of the IF carrier and the modulation bandwidth of the optical sources, either direct or 
external modulation can be considered. Direct modulation of a laser source at the BS provides a low 
cost architecture for the uplink. The intermodulation characteristic of the link is greatly improved and 
optical components with less stringent requirements can be used. Another advantage is that the link 
efficiency is higher at lower microwave frequencies and lower cost optoelectronic components can be 
used [64] with the potential for substantial cost savings. However, the complexity of the BS increases 
since a LO signal and a mixer is required for frequency conversions [65]. This may also be a limitation 
when considering the ability to upgrade the network. The requirement of a LO at each BS may not be a 
problem at low frequencies, where low cost, low phase noise MMIC based LO sources are likely to be 
available. But at mm-wave, it may be more desirable to deliver the LO remotely to the BS from the CS 
on a separate wavelength multiplexed with the IF signals. The LO can be shared between the uplink 
and downlink, using a mm-wave splitter and dispersion penalties can be made negligible using 
heterodyne generation techniques [66] such as Optical Injection Phase Lock Loop (OIPLL) [67].
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Baseband over fibre
In a baseband over fibre transport scheme (also referred to as Digital over fibre), data is transmitted at 
baseband over the optical link. On the downlink the detected baseband signal at the BS need to be 
imposed on a mm-wave carrier prior to transmission through the air interface. Similarly, on the uplink 
from the receiving antenna, the data carrying mm-wave signal need to be down-converted to baseband 
data before being imposed onto an optical carrier and transmitted over fibre towards the CS. The main 
benefit of this scheme is the greatly reduced effects of chromatic dispersion and it is therefore 
attractive for architectures that require long transmission links. The scheme also enables the use of 
mature digital and microwave technology and low speed opto-electronic devices. However, the 
reduced effects of dispersion is at the expense of a more complicated BS as additional hardware and 
signal processing circuits are required at the BS (such as up/down conversion and demodulation) to
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process the received and transmitted radio signal. This results in a complex BS architecture and hence 
it is harder to produce a cost effective approach.
Wireless over Fibre based WLAN
The demand for broadband wireless LAN is increasing meaning that higher carrier frequencies will be 
used to allow higher data rates. For instance WLAN for the 11 Mbps (IEEE802.1 lb) operate in the 2.4 
GHz band, while the IEEE802.1 la offering 54 Mbps operate in the 5 GHz band. To provide large area 
network coverage such as at an airport, delivery of the WLAN signals to remotely located BSs using 
optical fibre is preferred because of higher transmission loss associated with microwave coaxial cables. 
For these networks to go broadband, the capacity of the network must also be increased. Copper based 
wired LANs that feed wireless LAN will not be adequate due to higher loss and will have to be 
replaced by high capacity infrastructure using optical fibre. Also, current systems are not upgradeable 
when a new 802.11 standard is introduced since a new installation is needed which can be difficult to 
manage.
It is important to note that the physical layer performance (link gain, phase noise, dynamic range, 
etc) of a WoF system may not be the only limitation to their application for wireless signal distribution. 
In the point to multipoint system configurations, the nature of the Medium Access Control (MAC) 
protocol of the wireless systems may place limitations on the maximum fibre link distance. This is due 
to the fact that by centralising all signal processing functions at the CS, the mobile unit access to radio 
resources at the BS is also controlled remotely. As a result, extra signal propagation delay imposed by 
the fibre link might interfere with the MAC protocol timing boundaries [68], leading to either poor 
performance (data throughput) or failure of the MAC protocol [69].
The medium access control of the IEEE802.11 uses Carrier Sense Multiple Access with Collision 
Avoidance (CSMA/CA) as the fundamental access [70]. The IEEE802.il MAC provides a fair access 
to the shared wireless medium. If the wireless terminal unit senses that the medium is busy, or has just 
successfully transmitted a frame, it executes a back off, waits a random time before attempting to 
access the medium again. The limits of this time wait, and other time out are built into the protocol, on 
the basis of the anticipated maximum cell sizes (air propagation delay) [71]. Thus the introduction of 
extra signal delays owing to the fibre link may cause some of the protocol timing limits to be exceeded, 
resulting in reduced performance or failure of the protocol altogether. Thus in distributed MAC 
protocols, only short fibre links may be accommodated. The maximum length of fibre that could be 
deployed in a IEEE802.11b standard is 1948 m (according to the minimum timeout value defined in 
the standard) [72]. In contrast, centrally scheduled MAC schemes, such as HiperLAN/2 and 
IEEE802.16, the effect of the additional propagation delay is less severe since the timing between 
different phases are allowed to be adjusted by the BS [68]. Therefore, centrally controlled MAC 
protocols are generally perceived to be more suitable for long wireless over fibre distribution links
[69].
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13.2 Sub-carrier multiplexing (SCM)
The advantage of analogue optical links is that RF or microwave signals can be directly modulated 
onto an optical carrier for transport without having to demodulate and remodulate. However, due to 
nature of analog signals or sub-carriers, the requirements on optical link, in terms of SNR and linearity, 
are much more stringent than digital optical links.
A single channel can be used by multiple users using some sort of multiple access technique to 
distinguish different radio channels by either utilising different frequency, time slots or code 
allocations. Frequency division multiple access (FDMA) discriminates different customer units in 
frequency whereby each customer is allocated a distinct frequency carrier. Similarly, time division 
multiple access (TDMA) allocates different time slots for different users while code division multiple 
access (CDMA) is based on spread spectrum techniques and different users transmit at the same time 
and in the same frequency band but are allocated a unique receiving or accessing code.
SCM technique can be employed in analogue optical links to achieve high data rate and is an 
effective way to exploit the vast bandwidth provided by SMF. Such a distribution scheme is common 
and attractive scheme for the optical distribution of multiple RF channels. An example of SCM based 
system is represented in Figure 1.5. In SCM, radio signals are frequency division multiplexed together 
and the radio signals either directly or externally modulate the optical carrier [73]. The total effective
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Figure 1.5 Sub-carrier multiplexed transmission
modulation index in a sub-carrier multiplexed system must be small enough so that clipping of the 
signal is not introduced. It occurs because when a number of random signals are added together it can 
be hard to determine what the maximum amplitude of the combined signals will be. At the receiver the 
desired channel is separated by an electrical filter after photo-detection. SCM is simple to implement 
and allows for fast deployment as it does not require any specialised complex circuitry for 
synchronisation. Furthermore the services carried by different sub-carriers are independent of each 
other. However, due to the non-linearity of the electrical to optical conversion, intermodulation 
distortion resulting from the interactions between the sub-carriers can cause degradation in the system 
performance. In a multi-channel system, transmitter distortion results in signal crosstalk. The net result 
is that the SNR is decreased and performance is degraded.
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1 3 3  Direct and external modulation
Modulation techniques can be categorised as direct and indirect modulation [74]. In the simplest, 
intensity modulation direct detection (IMDD) the microwave signal is modulated on an optical carrier, 
using either a directly modulated laser source or a CW light source with an external modulator [75] 
shown in Figure 1.6. The resulting intensity modulated signal is transmitted through fibre to the 
photodiode where the modulation is returned to the electrical domain.
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Figure 1.6 Direct and external modulation
The main advantage of direct modulation is its simplicity [76, 77], small size, low power 
consumption, simple drive electronics and low cost. The modulating signal is combined with the bias 
current which drives the laser and the output light intensity is proportional to the modulating signal. 
When the laser diode is directly modulated non-linear fluctuations of the electron and photon density in 
the active region cause non-linear distortion. These distortion products act as a limitation on the use of 
direct modulation system in the high frequency region. Direct modulation of the laser is also limited in 
frequency by the inherent bandwidth of the laser diode. Directly modulated lasers with a bandwidth as 
high as 40 GHz have been reported for unpackaged lasers [78] at a very high bias current. Modulation 
bandwidth exceeding 25 GHz has been achieved for a packaged 1550 nm DFB laser [79]. It has been 
shown that using external injection into the laser enhanced modulation response of the device can be 
obtained [80].
Directly modulated semiconductor lasers are of considerable interest for applications in 
microwave sub-carrier multiplexing and cable television (CATV). For high quality transmission these 
systems require modulated lasers to be highly linear with minimum distortion. However, undesired 
effects such as frequency chirp, non-linearity of the laser diode and intermodulation distortion (IMD) 
limit the system performance. If the non-linearity of the laser is sufficiently large then IMD can give 
rise to interchannel interference. In addition, intensity noise introduced by the laser may degrade the 
system signal-to-noise (SNR) ratio. High SNR can be achieved by increasing the modulation signal 
level in optical sources; however, harmonic distortion and IMD increase with increased optical 
modulation depth or input power. These are the major obstacles to the applications of direct 
modulation in a WoF system.
An alternative to a directly modulated laser is a CW light source (such as an unmodulated 
semiconductor laser) [81] with an external modulator (MZM or EAM) [82]. Since the functions of 
light generation and modulation are separated, this provides the flexibility to optimise both the laser
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and the modulator. The MZM operates on the principle that the optical carrier is split into two 
waveguides of equal amplitude signals, the phase of one of these signals is shifted via the linear 
electro-optic effect, and the signals are recombined. When the optical carriers are set to a 0° phase 
difference, they sum to give a signal of maximum amplitude. When the carriers are set to a 180° phase 
difference they cancel. The main problem with external modulated transmitter is the relatively high 
insertion loss and they exhibit non-linear light vs voltage transfer functions. The second order 
harmonic distortion in external modulators is lower then directly modulated lasers depending on the 
bias. However, depending on the frequency of operation the third order intermodulation distortion can 
be higher in external modulators than semiconductor lasers. The typical insertion loss of the MZM is 
about 7 dB which includes 3 dB from the waveguide loss at the combiner and an additional 3 dB loss 
since the modulator has to be biased at a half power point. Ti:LiNb03 optical modulator have been 
demonstrated with a -3 dB modulation bandwidth of more than 75 GHz with a driving voltage of 5.0 V 
at a wavelength of 1.5 pm [83] and at 100 GHz [84]. An externally modulated source has low chirp 
and reduces the need for dispersion compensation. However, there are several disadvantages associated 
with the use of external modulators. They tend to be bulky, expensive and consume much RF power. 
Also since the modulator bias voltage point drifts a control circuit is required.
Electro-absorption modulators (EAMs) are attractive because of their small size, low drive 
requirements, EXT drift free operation and the ability to be integrated with lasers and/or semiconductor 
optical amplifiers. This type of modulator offers lower power consumption than LiNb03 MZ type 
modulators [85]. A feature of the electro-absorption wave guide structure is that they can be utilised 
both for modulation and photo-detection, thus enabling the assembly of an electro absorption 
transceiver (EAT) as a single device. The EAT can operate in a completely passive mode, making it 
possible to construct simple BSs with a low device count, however the limited dynamic range and 
output power from the passive EAT make them better suited for picocellular environments. Westbrook 
et al [86] proposed a bi-directional link eliminating the need for an optical source at the remote BS by 
incorporating an EAM that may be simultaneously used as a photo-detector and a modulator. They also 
proposed optimising the device so that the EAM detects and modulates without dc power, allowing the 
unit to be completely passive. However, to achieve this EAM is not operated at its optimum point for 
photo-detection or for modulation; hence the performance is degraded for uplink and downlink. Wake 
et al [87] incorporated an EAM in a fibre radio link to demonstrate a passive remote antenna BS. Wake 
et al also showed that further experimental improvements could allow radio cells with up to 100 m 
coverage at an operating frequency of 2 GHz to be achieved. The major drawback for applying this 
passive picocell concept to mm-wave fibre radio systems are the poor opto-electronic and electro-optic 
conversion efficiencies at higher frequencies. The passive picocell [88] concept distributes these 
signals through optical fibre as microwave modulated optical signals with a combined 
modulator/detector at each BS to provide a transceiver radio path.
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It has also been shown that an electro-absorption modulator (EAM) can be used as a single 
component in a radio access point [88]. This concept was demonstrated using a commercial 2.4 GHz 
radio LAN providing wireless Ethernet at a data rate of 3 Mbit/s. The schematic of the experimental 
layout is shown in Figure 1.7. A Wireless LAN at 60 GHz has also been demonstrated using WoF 
approach [89]. In general, the WoF system must be able to distribute wireless LAN signals efficiently 
and according to specifications in the standard.
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Figure 1.7. Experimental layout o f a wireless over fibre based WLAN system [88]
A compact mm-wave transceiver has been developed for a WLAN system [90] and a 60 GHz 
EAT has been investigated by Kitayama et al [91] to realise a low cost BS. An experiment using an 
electro-absorption transceiver mixer (EATX) device has also been demonstrated. The EATX 
simultaneously acts as a mm-wave photo-detector, an IF band external modulator, and an IF to RF up- 
converter. However, further research is required to manufacture a cost effective EAT operating at mm- 
wave frequencies, while optimising the modulation characteristics and responsivity of the device and 
minimising crosstalk between the two channels.
Using an Asymmetric Fabry-Perot Modulator (AFPM) as a modulator and a detector significantly 
reduces the complexity of the BSs. The downlink signal is detected by the AFPM and radiated by the 
antenna. The radio uplink signal received by the antenna is fed to the AFPM, which in turn modulates 
the residual light left from the downlink direction [92]. This residual light, now carrying the uplink 
signal is reflected by the AFPM back to the CS. Simultaneous wireline (600 MHz) and wireless 5.5 
GHz transmission of data over cable service interface specification (DOCSIS) [93] signals in a hybrid 
fibre radio access network is presented using a packaged AFPM [94]. The AFPM is employed at the 
BS and acts simultaneously as a photo-detector and an optical modulator. The non-linearity and SFDR 
have been studied theoretically [95].
1.4 Characteristics of Optical Links
This section introduces the main considerations involved in analog fiber optic links. In WoF systems 
the linearity performance and the required dynamic range is often more stringent for uplink than 
downlink. For the downlink, multiple channels with equal power levels are transmitted from the CS to 
the BS and further to mobile unit. However in the uplink path, where no user transmitter power control 
techniques are employed, propagation path loss, multi-path fading and the varying positions of users in 
a radio cell can result in large variations in received signal powers at the remote BSs. When a number
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of high power signals are received at the BS, the mixing of the signals in a non-linear device cause 
third order intermodulation distortion (IMD) terms. This places a stringent requirement on the dynamic 
range of the uplink in a WoF system and the impact of optical non-linearities arising from the non­
linear electrical to optical conversion is far more severe on the uplink than the downlink. The distortion 
can significantly degrade the quality of lower power received signals to the point that the signal quality 
is so poor that the channel is unusable. Hence it is important to characterise the dynamic range of the 
optical transmitter in the BS.
1.4.1 Optical transmitters
The goal of the analog link is to provide an RF output signal that is a good reproduction of the RF 
input. Typically, the fibre, optical amplifiers, photo-detector, and RF power amplifiers have a very 
good performance in terms of linearity. It is the optical transmitter that usually limits the performance 
of the link. For a semiconductor laser, the distortion physically originates from the non-linear 
characteristics of the laser, including non-linearity of the light-current (LI) curve, the carrier-photon 
interaction, or from spatial hole-burning [96]. Distortion at the transmitter can also occur due to the 
clipping of the signal. If the signal amplitude is too large, the signal will be clipped due to the laser 
threshold. The clipping distortion sets a limit on the maximum allowed modulation index. Transmitter 
distortion is extremely important for multi-channel systems and leads to a reduction in the dynamic 
range of the system. For applications where the device linearity is not high enough, techniques have 
been developed to linearise the transmitter.
1.4.2 Noise sources in fibre optic system
For optical links where a large dynamic range is desirable, a low system noise is necessary. The noise 
floor of the link determine the minimum detectable RF signal, while the non-linearities in the link limit 
the maximum RF signal power and channels that can be transmitted. One of the dominant sources of 
noise in a link is the laser noise termed Relative Intensity Noise (RIN). Laser intensity noise is caused 
by fluctuations due to spontaneous light emissions. Operating conditions, such as bias level and 
modulation frequency, also directly affect the noise level. The presence of external feedback or 
reflections into the laser also increase this noise and reduce signal to noise ratio (SNR) resulting in 
higher BER. RIN is the ratio of the mean square optical intensity noise to the square of the average 
optical power and is given by:
R IN  = ^ ^ - d B / H z  0-2)
P 2
where <AP2> is the mean square optical intensity fluctuation (in a 1 Hz bandwidth) at a specified 
frequency, and P is the average optical power. The ratio of the optical powers squared is equivalent to 
the ratio of the detected electrical powers. Thus, RIN can be expressed in terms of detected electrical 
powers and equation (1.2) can be rewritten as:
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RIN = dB/Hz (1.3)
^AVG(elec)
where Netec is the power spectral density of the photo-current and Pavg(cIcc) is the average power of the 
photocurrent. The noise power in IMDD link typically consists of three effects; thermal noise, shot 
noise and laser intensity noise. The total system noise, Ny is the summation of the individual noise 
terms and is given by:
NT = N lh+ N q+ N L(W/Hz)  (1.4)
where N* is the contribution of thermal noise power per Hz, Nq is the shot noise power per Hz, NL is 
the laser intensity noise power per Hz. The shot and intensity noise depend on detected optical power. 
The thermal noise limits the sensitivity of the receiver and expressed in dB relative to the room 
temperature is -174 dBm/Hz. For a system at a given temperature, thermal noise is constant, but shot 
noise varies with average power. Shot noise (Nq) is produced by the quantum nature of photons 
arriving at the detector. The noise produced is related directly to the amount of light incident on the 
photodiode. The mean squared noise current is
('.2)  = 29/ to-b (1.5)
where q is the charge on the electron, Ipo is the photodiode current due to the average optical power 
input, and B is the electrical noise bandwidth (typically normalised to 1 Hz). The familiar equation 
P=I2Rl where RL is the load resistance of the amplifier input, is used to convert this noise current into 
units of power. Therefore, the shot noise power, Nq, in a one Hz bandwidth, becomes:
N q ~  2^ / p q R l ( 1*6)
The value of the laser intensity noise is found from Equation (1.4) by subtracting the values of shot and 
thermal noise from the total system noise.
NL = N T- N t - N lk (1.7)
When the noise of the laser exceeds the shot noise or thermal noise, the total system noise is essentially 
equal to the laser intensity noise. In such cases, R IN ^ r  equals RINsystem-
1.4.3 Carrier-to-Noise ratio (CNR)
An important parameter used to characterise the quality of a link is the ratio between the received 
carrier signal and the unwanted total noise introduced through the link known as the carrier to noise 
ratio (CNR). Since noise is always added in a link, the input CNR is always higher than the output 
CNR. It is important to ensure that the received CNR of a channel is large enough to maintain 
acceptable signal quality. The CNR of a WoF system can be represented by [97]:
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where m is the optical modulation depth (proportional to RF power), Iph is the received dc 
photocurrent, U  is the input noise current spectral density, BW is the signal bandwidth, and q is the 
charge on the electron. The first term in the denominator of equation (1.8) is the RIN of the laser, the 
second is the shot noise, and the third is the thermal noise. It can be observed from Equation (1.8) that 
in order to achieve a link with large CNR, it is necessary to employ lasers with low RIN and to reduce 
the receiver bandwidth as much as possible. A further limit is set by distortion. Second order products 
can be removed easily by filtering since they are far from the signal frequency band. However third 
order IMD products can be included with the CNR resulting in a ratio that represents the carrier to 
noise plus distortion ratio (CNDR) and this can be represented by [97]:
If the signal strength is too small compared to the strength of the noise and the IMD terms, it will not 
be possible for a link to operate correctly and for digital transmission this will result in a bit error. For a 
link that is transmitting QPSK signals, Harada et al [97] indicated that a minimum CNDR (CNDR,™,) 
of 13.8 dB was required to achieve a BER of less than KX6.
Noise Factor and Noise Figure
The Noise Factor (F) is a degradation of the SNR as the signal passes through a device and is the ratio 
of the SNR power at the input to the SNR power at the output and the definition is
where SNRi„ and SN R ^ are the signal to noise ratio at the input and output of the system respectively 
which are represented as:
where is the input RF power, Nin is the noise at the input, G is the gain of the system and N„ut is the
noise at the output. The noise figure (NF) can be obtained from the noise factor (F) by 
N F  = 101og(F) where the noise figure is in dB. The linear version of the noise figure, the noise 
factor, is a unit less quantity. Substituting Equation (1.11) into Equation (1.10) enables the noise figure 
to be expressed as:
The overall system NF depends on the noise figure and gain of each block in the system. The receiver 
noise figure determines the receiver sensitivity defined as the minimum signal level that the system can
1F . _  SNRto
N oiseFactor(F) = ---------
SNR.*
(1.10)
( 1.11)
NoiseF igure(N F) = N oul -  N in - G ( 1.12)
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detect with acceptable output SNR. The sensitivity of the receiver in units of dBm is given by:
Sensitivity[dBm] = - \1 4 d B m lHz + NFsystem + 10Log(B )  + 10L og(Sa / j V J ^  (1.13)
where the first term on the right hand side of the above equation is the noise power at 290 degrees K, 
NFfy#len) is the system noise figure, B is the bandwidth and the last term is the minimum acceptable 
output SNR in dB. In the case when digital modulation is used, the minimum acceptable output SNR is 
a function of the required BER and the modulation method used.
1.4.4 Dynamic range
One of the most important figures of merit in a wireless over fibre system is the spurious free dynamic 
range (SFDR) which defines the linearity of the optical link. The minimum RF input power where the 
output signal is equal to the noise floor is known as the minimum detectable signal (MDS). The 
maximum RF input power is the point corresponding to where the power of the non-linearity distortion 
terms are equal to that of the noise floor. This range of input powers between the minimum and 
maximum RF input powers where the signal is above the noise or distortion products is known as the 
SFDR. It is defined as the power difference between the signal and the system noise floor, at the point 
when the intermodulation distortion power equals the system noise floor. Dynamic range takes into 
account both the distortion and noise, hence is often used to describe the performance of a transmitter. 
The distortion can originate from several sources: 2nd and 3rd harmonics of the signals, 
intermodulation distortion, and laser threshold clipping. SFDR is a strong function of frequency, and 
for directly modulated lasers has its lowest value at frequencies near the relaxation oscillation 
frequency. Thus, lasers are typically modulated at frequencies well below this frequency. The SFDR 
also depends on the noise bandwidth because this affects the output noise level [98].
To characterise the link dynamic range the SFDR can be calculated [99]. To determine the SFDR 
the input power is virtually decreased until the distortion level equals the noise floor. The signal power, 
or fundamental tone, varies with a slope of 1. The third order IMD terms vary with a slope of 3. If 
higher order intermodulation terms are present they will also give a contribution and the SFDR is then 
not calculated correctly. The noise floor used can either be the laser RIN limited value, or the total link 
noise, including receiver thermal noise. If the system under investigation is assumed to be thermal 
noise limited, SFDR can be defined by:
SFDR  = | ( / / 3J - W F - G -  N„ -  101og10 B) (1.14)
where IP3 is the third order intercept point where the fundamental signal power is equal to the 
generated third order intermodulation product, NF is the noise figure in dB, N* is the thermal noise 
power which is calculated to be -174 dBm/Hz at room temperature and B is the system bandwidth. The 
SFDR must be high enough for the services to be accommodated and can also be estimated by 
substituting equation (1.12) into equation (1.14):
Chapter 1: Introduction 44
SFDR = |  (//> + N„ -  N „  - N , h -101og10 B) (1.15)
1.4.5 Modulation quality measurements
Digital bits are transferred onto an RF carrier by varying the carrier’s magnitude and phase such that, at 
each clock transition, the carrier occupies any one of several specific locations on the I versus Q plane. 
Each location encodes a specific data symbol, which consists of one or more data bits. A constellation 
diagram shows the valid locations (for example, the magnitude and phase relative to the carrier) for all 
permitted symbols, of which there must be 2", given n data bits transmitted per symbol. Thus to 
demodulate the incoming data, the exact magnitude and phase of the received signal for each clock 
transition must be accurately determined. The layout of the constellation diagram and its ideal symbol 
locations is determined by the modulation format (QPSK, 16QAM).
There are a number of different ways to measure the quality of a digitally modulated signal. Error 
vector magnitude (EVM) expressed as a percentage is the most widely used modulation quality metric 
in most wireless standards and can provide a great deal of insight into the performance of digitally 
modulated signals. EVM can quantify the errors in digital modulation and is sensitive to any 
impairment of signals which affects magnitude and phase of the demodulated signal. The EVM is the 
vector difference between the ideal reference signal and the measured signal. Figure 1.8 shows a 
graphical representation of these differences. In reality a number of events (phase noise, non-linearity, 
modulation or data errors etc) can cause any of the symbols to shift from their ideal place.
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Figure 1.8. Error vector and related parameter [100]
The error vector is a complex quantity that contains a magnitude and a phase component which
involves residual noise and distortion. It is possible to use EVM to calculate the BER via SNR. It is 
desirable to keep the error vector to a minimum for accurate transmission of data and to have the value 
of SNR as high as possible. The relation between SNR and EVM can be approximated by [101]:
SNR = -2 0 \o $ (E V M /100% ) (1.16)
Transmission performance can also be directly characterised using the BER and it is conventional 
to consider transmission as error free for BER <10'9. The power penalty indicates the necessary 
adjustment of the receiver power as a result of transmission degradation to maintain BER of 10'9.
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1.5 Objectives and Novel Achievements of the Thesis
The objectives and novel achievements of this work are as follows. A complete list of publications 
originating from the achieved results is given in 1.5.2.
1.5.1 Objectives of the thesis
A number of objectives for this thesis can be identified and these are summarised below:
1. To investigate highly linear microwave modulated optical sources to achieve 3rd order SFDR 
exceeding 95 dB.Hz273 enabling several operators using different modulation formats to use the 
same broadband wireless infrastructure.
2. To realise optical feed-forward technique at microwave frequency (5 GHz) with wide bandwidth 
for improving the SFDR of commercially available directly modulated uncooled DFB lasers.
3. To consider automatic adjustment of feed-forward parameters to overcome environmental changes 
for optimum distortion cancellation and system performance.
4. Investigate low cost architectures for broadband wireless systems which make efficient use of 
optical fibre plant, since fibre may have to be leased for outdoor applications.
5. To study the use of a bi-directional Semiconductor Optical Amplifier (SOA) in a fibre supported 
wireless systems to reduce system complexity and cost. This will allow both up and down link 
paths to use the same amplifier and permit full duplex signal transmission within a single fibre 
leading to 50% reduction in the amount of fibre required.
6. To demonstrate the feasibility and performance advantages of proposed architectures through the 
construction of a system demonstrator for a mm-wave Gbit/s wireless over fibre system.
7. Finally to examine the use of non-temperature controlled components to deliver greatly reduced 
system cost.
The main challenges in the design and implementation of mm-wave systems is low cost network 
architecture for the transmission of broadband signals to a number of BSs using a bi-directional fibre 
link. A satisfactory solution of this problem will provide a very important advance in the development 
of low cost technologies for mm-wave over fibre systems.
1.5.2 Novel achievements of the thesis
The novel achievements of this thesis are as follows:
1. The first application of optical feed-forward linearisation to achieve large dynamic range in WoF 
systems.
2. The first implementation of feed-forward technique at 5.2 GHz for linearisation of an uncooled, 
low cost, commercially available 1550 nm DFB laser. This operating frequency is required for the 
IEEE802.1 la standard and is the highest reported for a feed-forward linearised laser.
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3. Development of a wide bandwidth feed-forward system showing a record 500 MHz bandwidth at 
5. 2 GHz with at least 24 dB distortion suppression.
4. First transmission experiment using feed-forward in a multi-channel data transmission for a WoF 
system at 2.4 GHz and 5.8 GHz.
5. New architecture using low cost Coarse Wavelength Division Multiplexing (WDM) components 
and the first investigation of uncooled optical sources in a WDM optically fed mm-wave wireless 
systems, through the use of wavelength routeing and up/down conversion using optical LO 
distribution with a potential for major cost reduction.
6. The first investigation of a bi-directional SOA for complexity and cost reduction in fibre fed 
wireless systems.
7. The highest demonstrated data rate (1 Gbit/s) in a mm-wave over fibre transmission system 
without optical amplification using CWDM passive components and uncooled laser sources.
This research has led to the publication of the following papers:
T. Ismail and A. J. Seeds, “Nonlinear distortion reduction in directly modulated semiconductor laser 
using feed-forward linearisation”, Proc. London Communications Symposium, pp. 325-328, 2003.
T. Ismail, C. P. Liu and A. J. Seeds, “Uncooled directly modulated high dynamic range source for 
IEEE802.11a wireless over fibre LAN applications”, Optical Fibre Communications (OFC), FE3, 
2004.
T. Ismail and A. J. Seeds, “Feed-forward linearisation of directly modulated laser for radio over fibre 
wireless LAN”, Second NEFERTITI Winter School in Microwave Photonics, 2004.
T. Ismail and A. J. Seeds, “Laser diode nonlinearity compensation using feed-forward linearisation in a 
fibre radio system”, Postgraduate Research Conference in Electronics, Photonics, Communications & 
Networks, and Computing Science (PREP), 2004.
T. Ismail, C. P. Liu, J. E. Mitchell and A. J. Seeds, “Multi-Channel broadband wireless transmission 
over fibre using feed-forward linearised uncooled DFB laser”, European Conference on Optical 
Communication (ECOC), Tu3.5.2, 2004.
T. Ismail, C. P. Liu, J. E. Mitchell and A. J. Seeds, “Interchannel distortion suppression for broadband 
wireless over fibre transmission using feed-forward linearised DFB laser”, IEEE International Topical 
Meeting on Microwave Photonics (MWP), TE-2, pp. 229-232, 2004.
T. Ismail and A. J. Seeds, “Improved laser dynamic range using feed-forward linearisation in a radio 
over fibre system for WLAN”, Proc. London Communications Symposium, pp. 249-252, 2004.
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T. Ismail, C. P. Liu, J. E. Mitchell, A. J. Seeds, X. Qian, A. Wonfor, R. V. Penty and I. H. White, 
“Bidirectional transmission of broadband wireless signals using a millimetre wave over fibre CWDM 
ring architecture”, NEFERTITI Workshop on Millimetre Wave Photonic Devices and Technologies for  
Wireless and Imaging Application (MPWI), 2005.
T. Ismail, C. P. Liu, J. E. Mitchell, A. J. Seeds, X. Qian, A. Wonfor, R. V. Penty and I. H. White, 
“Full-duplex wireless-over-fibre transmission incorporating a CWDM ring architecture with remote 
millimetre-wave LO delivery using a Bi-directional SOA”, Optical Fibre Communications (OFC), 
OThG7, 2005.
T. Ismail and A. J. Seeds, “Compensation of laser diode intermodulation distortion in a radio over fibre 
system”, Postgraduate Research Conference in Electronics, Photonics, Communications & Networks, 
and Computing Science (PREP), 2005, UK.
T. Ismail, J. E. Mitchell and A. J. Seeds, “5.8 GHz OFDM signal transmission in a Radio over Fibre 
system”, NEFERTITI Workshop on Photonics in Wireless Communications (PWCom): Cost effective 
solutions and future technologies, 2005.
T. Ismail, J. E. Mitchell and A. J. Seeds, “Linearity enhancement of a directly modulated uncooled 
DFB laser in a multi-channel wireless-over-fibre system”, IEEE MTT-S International Microwave 
Symposium (IMS), TU1A-2, 2005.
T. Ismail, C. P. Liu, J. E. Mitchell, A. J. Seeds, X. Qian, A. Wonfor, R. V. Penty and I. H. White, 
“QPSK wireless data over 12.8 km fibre transmission with remote millimetre-wave LO delivery using 
a Bi-directional SOA in a full-duplex system incorporating a 2.2 km CWDM fibre ring architecture”, 
IEEE Photon. Technology Lett., vol. 17, no. 9, pp. 1989-1991, 2005.
T. Ismail, C. P. Liu, J. E. Mitchell and A. J. Seeds, “Feed-forward linearised uncooled DFB laser in a 
multi-channel broadband wireless over fibre transmission at 5.8 GHz”, IEEE International Topical 
Meeting on Microwave Photonics (MWP), 2005.
T. Ismail, J. E. Mitchell and A. J. Seeds, ‘Transmission of WiMAX OFDM data in a wireless over 
fibre system using a directly modulated DFB laser with remote LO delivery”, The 2nd Institution o f 
Engineering and Technology International Conference on Access Technologies, pp. 77-80, 2006.
C. P. Liu, T. Ismail and A. J. Seeds, “Broadband access using wireless over fibre”, BT Technology 
Journal, vol. 24, no. 3, 2006 (Invited paper).
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1.6 Thesis Organisation
The structure for the rest of this thesis is as follows:
Chapter 1 is the introductory chapter and presents the background material for the thesis and 
provide an overview of WoF technology with literature references on different architectures. 
Millimetre-wave frequencies and radio propagation characteristics are briefly discussed and concepts 
for microcells and picocells are introduced. Direct and external modulation schemes are compared and 
important parameters for analogue optical links are discussed. The chapter concludes with statement of 
the objectives, a summary of novel achievements and outline for reminder of the thesis.
Chapter 2 introduce the problem imposed by laser non-linear distortion, its effects on dynamic 
range and overall system performance. Non-linear effects in laser diodes are presented. Various 
linearisation techniques are outlined that have been proposed in the literature. Electrical (Pre­
distortion), optical (Dual parallel, Optical injection locking) and electro-optical linearisation techniques 
(Optoelectronic feedback, Quasi-feedforward and Optical feed-forward) are discussed which can 
enhance the performance of optical sources. Furthermore, a comparative study of these techniques 
discusses the advantages and disadvantages of each method.
Chapter 3 describe the theoretical and experimental work and discuss feed-forward in a greater 
depth. This includes theoretical analysis of the linearisation system and experimental work performed 
for the first demonstration of a 5 GHz feed-forward system using uncooled DFB lasers. Each aspect of 
amplitude, phase and path matching is explained in detail. Ageing and temperature effects require feed­
forward to be readjusted; therefore possible adaptive techniques are discussed. The result of two tone 
measurements and SFDR are presented on a feed-forward linearised laser diode. Multi-channel data 
transmissions at 2.4 GHz and 5.8 GHz is also described in a WoF system
Chapter 4 discusses wireless over fibre networks together with a review of mm-wave over fibre 
literature. Heterodyne techniques such as optical injection locking are described for the generation of a 
40 GHz LO signal to allow frequency up/down conversion at the BS for mm-wave applications. 
Network architectures such as star, star tree, bus and ring are discussed and compared. The ring 
architecture is described in greater details and important factors such as flexibility and protection 
against faults are identified. A link budget calculation is done for the proposed low cost Gigabit/s 
system and simulation results are presented. Finally, the use of a SOA in a WoF system is described 
with important considerations for SOA non-linearity.
Chapter 5 presents experimental results for full duplex Bi-directional RF and mm-wave over fibre 
systems. A 2.4 GHz feed-forward linearised laser is used in a WoF system to improve the performance 
of the BS in a 2.2 km fibre ring. The first experimental demonstration of a full duplex mm-wave 
system is performed using a bi-directional SOA system with a remote LO delivery. Finally, a low cost 
Gbit/s solution proposed in Chapter 4 is experimentally demonstrated with 1 Gbit/s differential phase 
shift keying (DPSK) data.
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Chapter 6 concludes this thesis with a summary of the main results and discussion concerning 
novel achievements. Recommendations for future work in this field are also highlighted.
1.7 Conclusion
This chapter has given the background to this work and introduced fixed wireless mm-wave systems 
and wireless LAN technologies. An introduction to WoF and various signal transport schemes has been 
given which highlight the advantages of centrally controlled hardware leading to simple and low cost 
remote BSs. In contrast to mm-wave over fibre, the effect of fibre chromatic dispersion on the 
distribution of IF frequency signals is much less severe and these signals can be transported over 
longer fibre distance. In addition, the IF over fibre technique has the benefit that low bandwidth 
devices can be used for IF signals leading to potential cost savings. The drawback of requiring an LO 
source at the BS can be overcome by remote delivery of the LO from the CS thereby simplifying the 
BS. The relative merit of direct and external modulation has been outlined and issues such as noise and 
distortion properties in optical links are discussed. Direct modulation provides a low cost solution but 
suffers from limited modulation bandwidth, high chirp, non-linearity and noise. External modulation 
has the best performance (high optical power, low chirp, low noise), with a trade-off of high cost and 
power consumption. The chapter concludes with a statement of the objectives of this thesis, a summary 
of the novel research results achieved and an outline of the structure for the remaining chapters.
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Chapter 2
Laser Non-linearity and Distortion 
Compensation Techniques
This chapter is concerned with investigation of non-linear distortion in a directly modulated DFB laser 
and a review of linearisation techniques proposed in the literature to compensate this distortion. After a 
brief Introduction 2.1, linearity and distortion characteristics are discussed to identify the need for 
linearisation in Section 2.2. Mechanisms responsible for generating distortion in a directly modulated 
DFB laser are analysed in Section 2.3 with static and dynamic characteristics. A literature review on 
distortion compensation techniques for directly modulated lasers and external modulators is presented 
in Section 2.4. In the last Section, 2.5, Conclusion, important results are summarised from this chapter.
2.1 Introduction
In communication systems transmitter linearity is an important factor. Any non-linear distortion 
generated by the transmitter such as third order intermodulation distortion (IMD) can give rise to 
adjacent channel interference, since these IMD products cannot be easily filtered. In analogue optical 
transmission non-linear distortion limits the achievable dynamic range of the optical link and hence 
severely degrades the system performance. The main source of non-linear distortion is non-linearity in 
the electro-optic conversion process, achieved through direct modulation of the optical transmitter or 
through external modulation with a Mach-Zehnder (MZ) modulator. Distortion in a directly modulated 
laser also increases as the modulation frequency approaches the laser relaxation oscillation. High 
dynamic range can be achieved by reducing the noise level of the optical source and IMD products. 
Several distortion reduction techniques have been proposed or demonstrated in the literature that uses 
microwave and opto-electronic devices to improve source linearity. Optical compensation technique in 
which linearisation is achieved using a combination of optical devices, for example connecting 
modulators in parallel or in cascade are also in use. An important property of all linearisation 
techniques is the frequency at which they operate and the amount of distortion reduction that can be 
achieved over a certain bandwidth.
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2.2 Linearity and Distortion
It is highly desirable to have linear systems that generate minimum distortion. In these systems the 
output can be expressed as a linear combination of the input and only the frequency components that 
are present at the input are observed at the output and no extra frequency terms are generated. 
However, linear systems can impose magnitude and phase change on input signals and large input 
signals can drive linear systems into saturation causing non-linear operation. Systems which produce 
extra frequency components (i.e. additional sideband frequencies) that are not present at the input are 
defined to be non-linear. These additional terms produced at the output are harmonics and IMD 
products of the input frequencies.
For a single sinusoidal input to a non-linear system the additional frequency components 
generated are known as harmonics. These harmonics can be of 2nd, 3rd order or higher depending on the 
non-linearity of the system and sub-harmonics are also possible. The harmonics can be eliminated by 
filtering since they are outside the signal bandwidth of interest and do not pose a problem except for 
systems of an octave or greater bandwidth. In non-linear systems with multiple inputs the additional 
sum and difference terms are known as IMD. IMD results when two or more signals combine in a 
device with a non-linear transfer characteristic and produce unwanted signals. The additional 
components cause interference between adjacent channels and degrade the system performance.
There are two main techniques used in the modelling of non-linear devices, known as the power 
series and the Volterra series. The basic power series analysis is commonly used as a generalised 
formula for characterising non-linear devices. However, in its simple form the power series analysis 
does not take into account the phase components of the output terms. The Volterra series analysis is a 
complete model and hence takes into account the phase components. Thus, a Volterra series analysis is 
a more powerful analysis tool in aiding the determination of distortion than the basic power series 
analysis. However, the power series can be enhanced to take into account the phase effects. In the 
analysis to follow, the power series representation is used to demonstrate the creation of distortion 
products in a non-linear system.
The output VQ(t) can be expressed as a power series of input signal Vi(t) and the coefficients a, 
b, c, d etc, specify the nature of the non-linearity.
V0 ( t) = a + b\Vi (t)] + c\Vt (t )]2 + d [V( (t )]3 +  (higher order terms) (2.1)
Considering a single input with sinusoidal signal cos(ftJf), from (2.1), the output is
V0(t) = a + Z?[cos(ft#)] + c[cos(ft*)]2 + d[cos(ft#)]3 +  (higher order terms) (2.2)
For systems with mild non-linearity only the first few terms need to be taken into account. Therefore,
Va(t) = a + ^[cos(rur)] + - -^[l + cos(2ryr)] + -^-[3cos(ftjr) + cos(3ftjf)] (2.3)
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The output contains the dc signal, components at the fundamental frequency co, and distortion products 
at 2cd (second harmonic) and 3co (third harmonic). The generation of harmonic products can fall within 
the operating bandwidth and create distortion at the output.
For a non-linear system with two input signals Vt{t) -  cos(<y,f) + cos(Q)2t)o f  equal amplitude 
but at different frequencies coi and co2IMD products are generated. The output is:
Va(t) = a + fc[cos(<w,/) + cos(ty2r)]+c[cos(*y1r) + cos(*y2f)]2 + d[cos(ty,/) + cos(ty2r)]3 + .... (2.4)
Expanding the second order term from (2.4) gives:
c[cos(<y^)+cos(ty2f)]2 = c[cos2(<y,/)+ 2cos(^/)cos(ty2/)+ c o s2(ty2/)]
= c ^ [ l  + cos(2tw,/)]+cos[(ty, -  co2)t]+cos[(cox + ty2) r ]+ i[ l  + cos(2*y2/)]
Expanding the third order term from (2.4) gives: 
d[cos(<y,f)+cos(<y2f)]3 = d
— [3 cos(ty, / ) + cos(3 cox 0] + —[3 cos(*y2/ )+ cos(3<y2/ )]+ 
4 4
3 3—cos(<y,t)[l + cos(2ty2t)]+ —cos(tu2t)[l + cos(2cy,t)]
= d (2.7)
— (cos Q)xt +  COS C02t) +
4
— (cos 3ty,r + cos 3co2t)  +
4
3
—[cos( 2 (ox + o)2 )t + cos( lo )2 + <y,)/] +
4
3
—[cos( 2co{ -  co2)t + cos( 2 co2 -  cox)t]
.4
In addition to harmonic components IMD is also generated. The third order terms (2a>i -  co2) and (2cd2-  
©1) or (2fr f2) and (2f2-fj) are known as the IMD3 and are of particular interest in characterising a 
systems performance as they are very close to the original input frequencies co! and co2 as shown in 
Figure 2.1 and cannot be easily filtered. In a communication network, these unwanted distortion 
components would appear in adjacent frequency channels and interfere with other signals. The
(2.5)
(2.6)
2f, -f2 f, f2 2fr f,
Figure 2.1 Third order intermodulation distortion
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distortion products will appear on top of the signals and will reduce the signal-to-noise (SNR) of the 
wanted signals. Hence it is important to ensure that allowable distortion is kept within defined limits. 
Higher order terms such as fifth order intermodulation at (3coi -  2co2) and (3co2 -  2coi) are also 
significant since they also fall within the operating bandwidth and can be troublesome. The second 
order distortion products at (ccm ± co2) frequencies generally pose no problem since they are outside the 
system bandwidth. However, this can be an issue in a multi octave bandwidth such as for the 900 MHz 
and 1800 MHz GSM system.
2.2.1 Two tone third order intercept point
The third order intercept point (IP3) is a figure of merit used to characterise the level of IMD3 at 
different power levels. It is defined as the point at which the power in the third order products (2fi-f2) 
and the power of the fundamental tone (fi) intersect. It is the theoretical value since the fundamental 
signal power and 3rd order distortion products compress before the intercept point can be reached. A 
commonly used method of defining IMD3 of a system is the two tone test, where two signals of equal 
amplitude are applied to the input. The IMD3 follow a line with a slope 3:1 and rise rapidly as the 
input signal levels are increased. Figure 2.2 illustrates this point. Second order distortion products will 
have a line with a slope of 2. At low signal levels the higher order contributions are insignificant.
Output
Power
3rd order\
Ideal Linear 
“ Response
OIP3 IP3
Real Non-Linear 
—  Response
InputIIP3
Power
................. Fundamental 1:1 Slope
----------- 3rd Order Products 3:1 Slope
Figure 2.2 Illustration o f the third order intercept point
However, at higher input power levels IMD3 curve can deviate from the 3:1 line. This is due to the 
contribution from higher order terms such as 5th order. The IP3 can be specified by either the input 
intercept power (IIP3) or the output intercept power (OIP3) at which the 3rd order products equal the 
desired signal. The IIP3 is related to the OIP3 by the gain as IIP3(dBm)=OIP3(dBm)-G(dB) where G is 
the gain in dB and IIP3 and OIP3 are the units of dBm. For a cascade of RF signal blocks, the system 
IIP3 depends on the IIP3 and the gain of each block.
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2.2.2 The need for linearisation
The non-linearities produced by discrete signals such as unmodulated carriers are known as 
intermodulation products and appear at discrete frequencies. For a digitally modulated signal the effect 
of the non-linearity appear over a continuous band of frequencies and are often referred to as spectral 
re-growth. The resulting spectrum is of a stepped appearance with each step corresponding to a higher 
order of distortion. For mobile and radio applications, the spectral emissions from transmitters are very 
tightly controlled and as distortion increases the bandwidth of the output signal with respect to the 
input, spurious signals can fall within other transmission bands and cause interference. In a multi­
channel data transmission the results of the generated spectral re-growth may overlap with adjacent 
channels and therefore cause interference. Also increased demand for wireless communications and 
linear modulation techniques such as 16 QAM, 64 QAM place demanding restrictions on spectral 
growth and hence require highly linear systems. The spectral re-growth must be maintained since the 
spectral efficiency is important due to limited available bandwidth within the spectral emission target. 
For modulation schemes such as these, one figure of merit that can be used to determine the linearity is 
the adjacent channel power ratio (ACPR) where the difference between the carrier and the distortion is 
defined in dBc (decibels with respect to carrier). The spectral mask for the IEEE802.11a standard is 
shown in Figure 2.3. Non-linear distortion especially IMD3 also reduces the dynamic range of a 
system leading to errors in transmission. Although the level of distortion falls rapidly as the power 
level is reduced the modulation depth will be reduced leading to reduced SNR and poor system 
performance. This will also result in a lower number of channels to be used reducing the system 
transmission capacity. System constraints, such as IMD3, spectrum spreading, and BER performance 
can be difficult to achieve with cheap commercial components. Also to prevent unnecessary power 
back off without compromising distortion requirements, linearisation techniques can be used. 
Linearisation techniques reduce output distortion, to allow the transmitter to be operated at a higher 
output power for a given level of distortion.
Linearisation techniques are also widely employed at microwave frequencies for power amplifiers 
[2] to reduce amplifier distortion and improve efficiency. A significant increase in 3rd order IP can be
Power Spectral Density (dB l
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Figure 2.3 Transmit spectrum mask for IEEE802.1 la  WLAN standard [1]
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achieved with linearisation for the same system specifications. Using an amplifier with very high 
output power rating and operating it in the linear region, well below saturation is not a cost effective 
solution. In a multi-carrier system, such as a cellular base station it is more cost effective to transmit 
several carriers through a common amplifier [3, 4]. However, the non-linear behaviour of the power 
amplifier gives rise to IMD3 between the carriers within the bandwidth of the desired signals. For 
multi-carrier systems, the requirement for IMD3 distortion is that it must be at least 60 dB lower than 
the carrier output power level. Linearisation is an effective technique to reduce IMD3 and results in 
significantly higher output power operation of the amplifier.
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2.3 Laser Diode Characteristics
A semiconductor laser is a preferred optical source for high speed optical communication as it can 
provide adequate power and can be directly modulated at microwave frequencies. The laser diode is a 
current driven device and converts the injected current to optical power output. This relationship can be 
seen in Figure 2.4. The optical output power consists of spontaneous and stimulated emission. At low 
bias currents i.e. below threshold the optical power of the laser is very small and due to spontaneous 
emission [5]. When the bias current is increased beyond the threshold current of the laser, stimulated 
emission becomes dominant over spontaneous emission and the optical power increases with injection
Optical 
Output (mW)
Stimulated . Saturation 
emission • (non-linear)
Linear region
Spontaneous
emission
(nonlinear)
Input current (mA)
Threshold I,
RF modulating 
signal
Bias current
Figure 2.4 Typical laser diode transfer characteristics (LI curve)
current. At high bias current the Light vs Current (LI) slope changes because of saturated output 
power. The LI characteristics show several important parameters often considered when specifying 
lasers:
• Threshold current -  The current level at which lasing begins.
• Modulation sensitivity -  The slope of the LI characteristic, often refereed to as dL/dl, in
mW/mA.
• Linearity -  A perfectly linear device follows a straight line over the region of operation.
• Maximum Output -  Most lasers exhibit a noticeable rollover effect as shown in Figure 2.4 
where the non-linear LI relationship becomes noticeable.
Although, the slope of the laser optical output L versus the driving current I curve above threshold 
is near linear it may not be sufficiently so to meet the dynamic range requirements for analogue fibre 
optic links.
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2.3.1 Modulation response of the laser
Direct modulation of the laser diode is a simple, low cost approach for transmitting microwave signals 
and is achieved by superimposing the modulating signal onto the bias current of the laser. The output 
of the laser is then a microwave modulated optical signal. Most systems require that the laser light 
intensity be a linear function of the bias current under large signal modulation. However, any non­
linear distortion introduced by the directly modulated laser diode gives rise to distortion products, 
which can limit the dynamic range and hence the performance of the system [6]. Non-linear distortion 
generated by the semiconductor laser such as intermodulation distortion can give rise to interchannel 
interference which degrades the quality of the received signal and limits the number of channels. In 
general there are two factors causing non-linear distortion; static non-linearity and dynamic non- 
linearity.
In the low frequency range such as is used for cable TV systems (< 1 GHz), static distortion is 
caused by the non-linear light versus current characteristic of the laser diode. In order to achieve better 
linearity the bias current for the laser should be set above the threshold value since the frequency 
response of the laser is dependent on biasing conditions. For lasers with very linear LI curves, very low 
distortion has been observed at low frequency. In contrast, for high frequency (> 1 GHz) systems, 
distortion increase significantly, and originates from the non-linear rate equations. Dynamic distortion 
due to non-linear interaction between electrons and photons in the laser cavity is dominant. Generally, 
the intensity modulation response of a laser diode is linear at lower frequencies and the non-linear 
distortion become more severe as modulating frequency increases and approaches the relaxation 
oscillation frequency. The modulation bandwidth of a laser diode is limited by the relaxation 
oscillation frequency. Improving the modulation bandwidth increases the linear region of the laser 
response, hence increasing the available bandwidth and reducing non-linear distortion. Recent work 
has shown that the modulation bandwidth of a laser can be improved by injecting external light into the 
laser cavity [7].
Non-linear distortion also depends on the modulation depth and can occur due to threshold 
clipping (over modulation distortion). Distortion due to LI curve non-linearity and over modulation is 
independent of modulation frequency. Leakage currents, thermal effects, and electron photon 
interactions can generate detrimental second and third harmonic distortions and intermodulation 
distortion (IMD). Other non-linearties may be caused by optical reflections or feedback into the laser. 
Optical feedback can considerably enhance IMD and harmonic distortion of a laser diode [8]. This may 
be greatly reduced by optical isolators. Several laser diode models have emerged and are generally 
based on the single mode rate equations. A study into semiconductor laser modelling is presented in [9, 
10, 11]. The laser rate equations describe the non-linear interactions between injected carriers and 
photons in the laser active area. For single mode laser the rate equations are given below and described 
in [5].
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where
N is the electron density in the conduction band
S is the photon density in the lasing mode
I is the current injected to the active region
e electron charge
v volume of active region
g the optical gain factor
T optical confinement factor
tph photon life time
xsp spontaneous electron lifetime
N0 transparent (threshold) carrier density
e power gain compression parameter
(3 probability of spontaneous emission of a photon in phase with the lasing mode 
Equation (2.8) states that the rate of increase in carrier density in the laser active region is 
proportional to the rate of current injection, less the rate of reduction in carriers due to spontaneous 
emission less the rate of reduction in carriers due to stimulated emission. Equation (2.9) states that the 
rate of increase in photon density in the laser active region is proportional to the fraction of optical 
confinement factor of stimulated emitted photons which are confined into the laser active region, the 
rate of loss of photons and the fraction (3 of spontaneous emitted photons which are coupled into the 
lasing mode. Gain compression enters the laser rate equations by the factor (1-eS) and has important 
implications for the linearity characteristics of a laser diode [9].
Since the laser dynamics described by the rate equations are intrinsically non-linear, harmonic and 
IMD occurs during this process which limit system performance. The harmonic distortion of the laser 
is an important consideration in CATV applications where the band of interest is on the order of a 
decade in width. Theoretical and experimental studies of second order distortions in CATV DFB laser 
diodes are presented in [12]. A detailed study of laser non-linearities and the implications for multi­
channel subcarrier multiplexed fibre optic systems is presented by Salgado et al [13]. Lau, et al [14] 
have used a small signal analysis of the rate equations to calculate harmonic and intermodulation 
distortion of 1310 nm and 1550 nm lasers under microwave signal modulation. Non-linear theoretical 
models including, large signal [15] and Volterra series [16] have been presented for the study of laser 
diodes. Linearity and third order intermodulation distortion in DFB semiconductor lasers is 
investigated in [17] with the influence of several non-linearities, such as spatial hole burning, gain
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compression, leakage current and relaxation oscillation [18]. It has been shown that spatial hole 
burning in DFB lasers play an important role in determining the non-linear distortion at low 
frequencies [19]. Spatial hole burning is caused by the coupling between the DFB grating and the 
active region creating a non-uniform distribution of the light intensity along the laser axis, which is 
power dependent. This effect has been shown to be responsible not only for an additional non-linearity 
of the laser curve but also for the gain and loss (threshold gain) above threshold becoming power 
dependent. An analytical expression for the 2nd order harmonic distortion caused by spatial hole 
burning in DFB lasers is investigated in [20]. An enhanced semiconductor laser model for analogue 
optical links is developed [21]. Important laser characteristics such as relaxation oscillation peak 
frequency and modulation bandwidth are evaluated under different conditions.
As the dc bias of the laser is increased, the bandwidth will generally increase. This is typically due 
to the relaxation oscillation characteristics that vary with bias. The response tends to peak before 
rolling off and this is the region of relaxation oscillation. The origin of the laser resonance derives from 
the interaction between the optical power density and the excess carrier density in the cavity. An 
increasing current leads to an increase in the carrier concentrations and this in turn leads to an increase 
in the recombination radiation density, which after a further delay, stimulates recombination and 
causes the carrier concentrations to fall. Because of the time delay, the fall overshoots the equilibrium 
value and an oscillation occurs [23]. The natural frequency of the system, f0, is a function of the optical 
decay time constant, xph, and the carrier recombination time constant, i sp. However, the interactions are
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Figure 2.5 Modulation response o f  a DFB laser at various bias levels [22] 
non-linear, so the analysis is complicated and the resonance frequency depends on the amount by 
which the laser bias level exceeds the threshold current, Ith. The variation of resonant frequency of a 
laser and its bias current is shown in Figure 2.5. Care must be taken when modulating the laser in this 
region, because this is where noise and distortion properties are often at their worst. The frequency, at 
which the peak of the modulation response occurs, known as the resonance frequency (fr) can be 
approximated by equation (2.10) [23].
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(2 . 10)
where f r is the resonant frequency of the laser
I0 is the applied bias current and lth is the threshold current of the laser 
tPh is the photon lifetime (typical values are in the order of ps) 
rsp is the carrier recombination time constant 
The photon lifetime xph represents the amount of time a photon spends in the laser cavity before 
either being emitted or absorbed and sets the upper limit to the modulation capability of a laser diode. 
From Figure 2.5 it can be observed that as the bias is increased, the resonance frequency and therefore 
the bandwidth of the laser is increased. Damping of the oscillation frequency increases with the bias 
current and can be approximated by [23].
In practice, several more complex effects such as spectral hole burning contribute to an increase in 
the damping term p, and so reduces the resonance peak and hence modify the laser modulation 
response. The response is also affected by parasitic effects, especially by the capacitance and by the 
stray inductance and capacitance associated with the packaging. Figure 2.6 shows the modulation
2.5. It can be seen that at high bias currents, the resonance frequency of the laser increases with the 
increasing bias, but the modulation bandwidth of the laser decreases.
Linearising the laser transmitter used in fibre optic links is a more feasible approach allowing 
compensated low cost lasers rather than highly linear but expensive devices. To reduce non-linear 
distortions in semiconductor lasers, several linearisation techniques have been proposed and these will 
be discussed in the next section.
(2 . 11)
response of a practical laser and this differs significantly from that of the ideal case as shown in Figure
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Figure 2.6 Practical modulation response o f a laser diode [22]
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2.4 Distortion Compensation Techniques
In this section distortion compensation techniques for optical transmitters are discussed together with 
limitations for each linearisation scheme.
2.4.1 Predistortion
Predistortion also known as complementary distortion [24] is considered to be the simplest and perhaps 
the most straightforward of the linearisation techniques [25]. It is preferred since it needs only one 
laser diode compared to the two required for feed-forward and the quasi-feed-forward. Predistortion is 
the predominant technique for linearising directly modulated optical transmitters and external 
modulators [26, 27, 28] and has also been widely used in linearisation of RF amplifiers utilised in 
wireless communications [29].
* In this technique compensation is achieved when the RF input signal is intentionally predistorted 
before passing through the non-linear device. The non-linear devices in the predistortion circuit 
generate distortion products that are equal in amplitude but opposite in phase with the distortion 
produced by an optical transmitter (semiconductor laser or external modulator) such that the overall 
response is linear and distortion free. This requires modelling the non-linear analysis of the laser diode 
[27] to be compensated in order to be able to design the predistortion circuit to cancel the distortion 
signal. A basic explanation of the predistortion linearisation technique is shown in Figure 2.7.
A detailed functional block diagram of predistortion compensation with RF spectrum is shown in 
Figure 2.8 [30]. The circuit consists of two parts: a linear and a non-linear part. The linear section 
simply consists of a coaxial cable providing delay to ensure that the signals at the final coupler are 
delay matched. The RF signal is split into two paths using a splitter. Majority of the distortion free 
signal is passed through the microwave delay line and then into the final combiner, while a portion is 
coupled into a path with predistortion circuit consisting of non-linear devices. The non-linear part is 
further subdivided into second and third order paths. The RF input signal is fed into both the quadratic 
and cubic law devices to generate non-linear signals having the same amplitude with 180 degree phase 
difference to that produced by a laser diode. Ideally, the non-linear elements in the predistortion circuit 
represent second, third and higher orders of distortion. But in practice, a simultaneous control of both 
second and third order predistortion is very difficult to achieve. The quadratic and cubic law devices
RF Input ------------------
signal Predistortion
----------------------------- Optical
Laser Diode output
(Non-linear device)
' Linearised 
output
Figure 2.7 Basic principle o f predistortion compensation.
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can be diodes, which do not require high bias voltage, or field effect transistors biased near pinch off 
[31]. Schottky diodes are also very popular active devices as distortion generators because of their fast 
response and low power consumption. Usually two diodes are used in the distortion path in an anti­
parallel arrangement connected in shunt [32, 33] and operating as gain compressors or expanders by 
increasing the signal that they reflect. For small signal levels the gain of the linear and the distorted 
paths are constant and no predistortion signal is generated.
Amplifiers are included to provide gain in the loop to overcome input and output splitter and 
combiner loss. A variable amplitude and phase control is included for fine adjustment of the signal so 
that it is equal to that produced by the laser. Frequency tilt shaping networks have been implemented to 
let the correcting signals match the laser HD2 and HD3 curves in the whole operational band [34]. The 
amount of second and third order distortion recombined with the signal at the output can be adjusted 
relative to the amplitude of the undistorted signal in the delay branch.
Microwave Delay Microwave
splitter combiner
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Figure 2.8 Diagram o f Predistortion compensation
Predistortion has been investigated in analogue applications such as AM-VSB modulated 
lightwave CATV transmission systems. The non-linear distortion properties of optical devices can 
severely limit the system performance and give rise to serious harmonic and intermodulation distortion. 
Typical specifications for a CATV trunk system [35] requires Carrier to Noise Ratio (CNR) > 55 dB, 
Composite Second Order (CSO)1 < -65 dBc and Composite Triple Beat (CTB)2 < -60 dBc for good 
picture quality [36]. MZ interferometers (MZI’s) are common external modulators for optical 
transmitters and have been widely used in CATV systems. Second order distortion products primarily 
limit the DFB lasers, while third order distortion products limit MZ modulators. Biasing the modulator 
at the inflection point eliminates the CSO [33]. In principle second order IMD can be filtered out if the 
bandwidth is less than one octave. However CATV transmission systems operate with bandwidths of 
many octaves.
1 CSO refers to superposition o f  all terms within a stated bandwidth o f a particular frequency, which are due to 
second order distortion.
2 CTB refers to superposition o f  all terms within a stated bandwidth o f  a particular frequency, which are created 
by the mixing o f three frequencies.
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Several authors have tested and reported predistortion linearisation on both semiconductor lasers 
and modulators. However, recently the focus has moved to the linearisation of modulators only. This is 
because semiconductor lasers have both second and third order distortion and these distortion products 
are frequency dependent. Predistortion circuits for compensating more than one order of distortion are 
very difficult to design. Normally, only one particular order of distortion can be reduced. For 
modulators, distortion is well defined. If biased at the quadrature point, second order distortion can 
become negligible and only third order distortion needs to be reduced. Predistortion linearisation is 
therefore more suitable for linearising modulators.
A second order predistorter was reported by Darcie et al [37] to reduce CSO without increasing 
CTB in a multi-channel system. A comparison of non-linear distortion in CATV for semiconductor 
lasers versus external modulators is carried out in [36, 38]. To meet these stringent demands Childs et 
al [31] described predistortion technique which reduce the dominant distortion of a DFB laser and 
external modulators by 12 and 14 dB, respectively, allowing a large increase in modulation index. The 
scheme has been used in optical transmitters to compensate laser non-linearity for CATV signals with 
frequencies between 50 MHz and 550 MHz [39].
Compensation of non-linear distortion in modulators has been demonstrated using the 
predistortion circuit [32, 40, 41,] for CATV systems. Chiu et al [42] developed a CMOS lineariser for 
external modulators with an arcsine transfer function that is the inverse of the raised cosine transfer 
function of the modulator. A feedback loop is also implemented to stabilise the transmitter against long 
term drifts of the modulator bias point or circuit component values, caused by thermal drift or device 
degradation. The field effect transistor based arcsine circuit generates odd order harmonics that cancel 
those of the modulator biased at the quadrature point. A 14 dB improvement in SFDR from 85 
dB.Hz273 to 99 dB.Hz273 has been achieved with IMD suppression of 17 dB at 1.3 GHz. A monolithic 
predistortion linearisation circuit with application to externally modulated analogue links has been 
designed with 17 dB suppression of 3rd order IMD from DC to 1.3 GHz [43]. Experimental results on a 
fully digital bias compensation loop have been reported to eliminate the bias drift in MZ modulators. 
To detect the drift in the bias point of the modulator a low frequency pilot tone with small amplitude is 
added to the RF signal. Bias drift in the modulator gives rise to even order harmonics of the pilot tone 
which are detected and demodulated to generate a correction signal to be applied to the modulator bias. 
The entire process of filtering, down conversion and integration of the pilot tone distortion is 
preformed in the digital domain resulting in a high performance and low cost solution. With fully 
digital bias compensation loop 25 dB suppression of 2nd order distortion is achieved. More recently 
predistortion has been investigated for improving linearity of MZ modulators in wireless over fibre 
systems and IMD3 products were reduced by more than 15 dB [44].
A predistortion circuit fabricated in MMIC technology has been developed that operates up to 10 
GHz [45]. The circuit improved dynamic range by 3 dB from 108 dB.Hz273 to 111 dB.Hz273. A MMIC 
pre/postdistortion circuit for an analogue fibre optic link based on a MZ modulator is also designed
Chapter 2: Laser Non-linearity and Distortion Compensation Techniques 70
[46]. This circuit improved the link SFDR by 3 dB to 110 dB.Hz273. Two balanced branches of diodes 
(configuration shown in [46]) provide a symmetrical non-linear transfer function, which can 
compensate that of the modulator. The dc bias current source charges the capacitors and sets the diode 
operating points which control the level of introduced non-linear distortion. The pre/postdistortion 
circuit is fabricated using a GaAs HBT process. The resulting dynamic range can be further improved 
with the proposed predistortion circuit when using a low voltage MZ modulator.
In 1999 Steiner et al [47] designed an adaptive predistortion circuit in microstrip technology using 
a microcontroller to adjust the control voltages to reduce laser 3rd order IMD by 20 dB over a 
frequency range of 1750 MHz to 1870 MHz. The cubic law device consists of two anti parallel diodes. 
For adaptive predistortion the control voltages for the phase shifter and the attenuator have to be 
readjusted due to laser ageing effects. Down converting and low pass filtering of the IMD3 generates a 
mixing signal proportional to the IMD3 in the transmission band. After analogue to digital conversion, 
a microcontroller tracks the phase and amplitude for maximum IMD3 cancellation. The adaptive 
technique has reduced IMD3 by 20 dB over 120 MHz bandwidth and the SFDR improved from 72 dB 
to 78.7 dB.
Roselli et al [48] designed and demonstrated a predistortion circuit for wireless over fibre systems 
in the frequency range of 500 MHz to 2 GHz, for multiservice GSM, DCS and GPRS cellular services. 
A reduction of about 10 to 15 dB for the second and third order harmonic distortion has been achieved 
over the bandwidth of 1710-1890 MHz covering the cellular bands. Further improvements to the 
circuit have been reported in [30].
Fernando et al [49] demonstrated laser non-linearity compensation using higher order adaptive 
filters. Pre-compensation is done for the downlink while post-distortion is done for the uplink. With 
this approach accurate measurement of link parameters is not required because the filters are adapted 
from the distortion of the input/output baseband signal.
A CMOS adaptive predistortion lineariser designed to extend the dynamic range of direct and 
externally modulated links by suppressing both 2nd and 3rd order distortion is demonstrated in [50]. 
The circuit is designed in 180 nm CMOS technology and second and third order non-linear distortion is 
generated using the I-V characteristics of non-linear semiconductor device. A feedback control loop 
using a PC running Labview is implemented for adaptive technique. The distortion products are 
filtered and fed to the PC equipped with a data acquisition card. The algorithm monitors power of the 
distortion products while sweeping the amplitude and phase control for minimum intermodulation 
distortion power. The circuit reduced IMD3 by 19 dB across a bandwidth of 90 MHz centred at 295 
MHz and improved SFDR by 6 dB for direct and externally modulated links.
A predistortion lineariser combined with fabry perot LD for wideband code division multiple 
access (W-CDMA) wireless over fibre system is reported [51]. A 20 dB improvement in the IMD3 
component is obtained over the bandwidth of 60 MHz.
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Limitations
Predistortion compensation has been shown to be a very effective technique for reducing distortion in 
optical transmitters (both directly modulated lasers and external modulators) for applications in CATV 
and cellular communication. Predistortion is more suitable for linearising modulators because if the 
modulator is biased at a quadrature point, then second order distortion can become negligible and only 
third order distortion needs to be reduced.
The main advantages of this scheme are simplicity of circuit design, small physical size, low 
power consumption and the fact that it uses only one optical transmitter. However, the disadvantages 
of predistortion for directly modulated lasers lie in the way distortion correction is generated, which is 
independent of the non-linear characteristics of the laser diode and must be matched to individual laser. 
Only one particular order of distortion can be reduced since the complexity of the electrical circuit 
increases due to difficulty of controlling the harmonics and IMD at the same time. For perfect 
cancellation of distortion products an exact inverse transfer characteristic of the laser diode is required 
and this is extremely difficult to achieve over a wide operational bandwidth [27]. Also the performance 
of predistortion circuits at high frequency can become difficult to predict due to parasitic capacitance 
and inductance associated with the junction diodes or other non-linear elements used [25], hence 
realisation is difficult at microwave frequencies. Since most practical predistortion linearisers are 
analysed and designed as cubic distortion generators to compensate 3rd order IMD products, significant 
5th and 7th order products at high input power levels are not generally compensated. Also unlike 
feedback and feed-forward compensation, predistortion does not reduce laser relative intensity noise.
Although, complete distortion cancellation cannot be achieved over a wide range of modulation 
frequency due to difficulties in matching, 10 dB improvements for CATV and cellular communication 
applications are more common. The highest frequency for laser linearisation using predistortion has 
been reported at 2 GHz [48] for cellular bands in a wireless over fibre system.
2.4.2 Dual parallel modulation
A dual parallel modulation technique is constructed using two optical transmitters in parallel and 
employs phase shift modulation to improve linearity of optical sources. A diagram of the dual parallel 
modulation technique is shown in Figure 2.9. Experimental results have been reported [52] using this 
technique for LED linearisation to reduce harmonic distortion. A 25 dB improvement in second 
harmonic distortion at a modulation frequency of 3.1 MHz for multi-channel signal transmission is 
demonstrated. In this method the incoming signal is equally divided into two parts. Two signals with 
phase difference provided by a phase shifter modulate separate optical transmitters. The modulated 
optical signals are combined using an optical coupler then transmitted over fibre and finally detected 
by a photodiode at the receiver. If the two transmitters have matched light current characteristics, 
second order or higher order terms are related to the phase difference. Therefore, by selecting the phase 
difference appropriately, a selective order distortion is cancelled. This technique can be applied to
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compensate harmonic distortion of any order. For second harmonic reduction a 90° phase shift is 
required while a 60° phase shift cancels the third harmonics [24]. In general, the n* order distortion is 
cancelled when the phase angle between the two modulating signals is equal to itIn. The advantage of 
this technique is the simplicity and high degree of distortion cancellation can be achieved. However 
since different phase shifts are required to cancel different harmonics, all harmonics cannot be reduced 
simultaneously [53]. Another disadvantage is that since there is phase difference between the two 
modulation signals, there is a partial cancellation of the fundamental signal and hence a signal power 
penalty.
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Figure 2.9: Dual parallel modulation scheme
In 1990 Korotky et al [54], first examined the use of dual parallel modulation scheme for low 
distortion analogue optical transmission using intensity modulators for CATV systems. Since the 
requirement on linearity is particularly stringent and can be limitation for CATV applications where 
the numbers of frequency multiplexed channels are large, typically 40 or more linearisation techniques 
are employed. The dual parallel technique consists of two intensity modulators and the distortion 
created by a secondary modulator cancels the distortion produced by the primary modulator. The 
optical input power is split into two parts to feed the primary and the secondary modulator, with the 
primary modulator receiving more optical power. The RF drive power is split so that the secondary 
modulator is modulated by an RF signal stronger than that of the primary modulator and has a higher 
modulation depth and greater distortion. Because the secondary modulator receives less optical input 
power, its output will have a weaker signal than the primary output. The distortion in the secondary 
modulator output is however equal to that of the primary modulator because the modulation is stronger. 
The secondary modulator is biased at a quadrature point 180° from the point chosen for the primary 
modulator. A phase shifter is employed to maintain the phase difference between the primary and 
secondary modulator outputs so that when combined and photo-detected the distortion will cancel with 
a small cancellation of the fundamental signal. The overall output is thus weaker, but free from 
distortion. Since both modulators are biased at quadrature points, second order distortion products are 
eliminated. More then 20 dB of third order distortion cancellation has been demonstrated by Brooks et 
al [55] for two lithium niobate Mach-Zehnder interferometers in a multi-tone video spectrum.
The dual parallel modulation scheme can be implemented using two approaches. In the first 
approach using a single optical source, where the optical power is split and launched into two 
modulators and the outputs of which are then coherently recombined. However, a phase modulator is
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required in one of the two MZ outputs paths in order to maintain quadrature between the primary and 
secondary signals to prevent the recreation of distortion products in the optical output signal. In the 
second approach, using a separate optical source for each of the modulators the effects of coherent 
recombination can be eliminated. Although this does not require the additional phase modulator, it 
does require two optical sources that must be accurately maintained at a constant power ratio. Practical 
implementations will require adjustment of the electrical drive signals or provision for trimming the 
optical splitters and combiners [54]. A modified approach by Ackerman et al [56] has been reported 
for broadband linearisation using a single MZ modulator. The feasibility of a dual parallel technique 
for the reduction of IMD in broadband systems using a single modulator is reported by Loyassa et al 
[57]. This implementation offers less complexity than the standard dual parallel technique and can 
operate in the millimetre wave frequency range.
Dynamic range enhancement of the electro-absorption modulator (EAM) for wireless over fibre 
system is demonstrated in [58, 59] using the dual parallel scheme. A reduction of 23 dB in IMD3 and 
increase in dynamic range by 19.6 dB to 110 dB.Hz273 at 8 GHz is achieved. The EAM offers 
advantages of low driving voltage, a small size, and monolithic integration capability with other optical 
components. Two modulators are connected in parallel to compensate non-linearity of the main 
modulator using a phase reversed non-linearity of the other modulator Linearisation is obtained by 
controlling the DC bias voltages of each modulator separately, so that the distortions have a 180 
degrees phase difference. Integrated dual electro-absorption modulator is also proposed in [60]. This 
device can suppress two non-linear components simultaneously by controlling two bias points rather 
than one bias point to suppress one non-linear component, but can lead to increased system 
complexity. Also the operating bandwidth is restricted to narrowband [58].
Jung et al, experimentally demonstrated the dual parallel modulation technique to reduce IMD3 in 
DFB laser diodes and achieved 16 dB [61, 62] and 20 dB [63] reduction at 2.2 GHz. Since only two 
laser diodes and one optical coupler is required it is considered to be very simple and easy to 
implement. The scheme exploits the fact that when the laser diode is directly modulated by RF signals, 
frequency chirping influences the amplitude and phase of the RF signal. However, frequency chirping 
is dependent on dc bias current. Therefore, by controlling only the bias current of the second laser, the 
amplitude and phase difference of EMD3 can be made out of phase and hence suppression is achieved 
when the signals are combined at the photodiode. Although reduction is achieved for IMD3 at a certain 
bias level, the IMD5 products are not fully compensated as the signals are differently affected by 
frequency chirping [63]. The condition to satisfy the IMD3 signals may not completely satisfy the out 
of phase condition of IMD5. Frequency chirping is also affected by input RF power. Therefore, to tune 
the suppressed RF power at a different level, a new bias value is set. Also the technique is only suitable 
for narrow band applications and is sensitive to the variation of optical wavelength, since the phase 
variations of each frequency component of modulated signal by frequency chirping is slightly different. 
This would require cooled type sources and a wavelength locking mechanism. Further work is required
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for this technique to be used in a practical system since the two lasers are of different wavelengths and 
the suppression condition will not be maintained after transmission over fibre with same bias 
conditions due to chromatic dispersion effects.
2.4.3 Linearisation of external modulator
Linearisations of external modulators have been reported in the electrical and optical domain [64]. 
Some of these less common linearisation techniques are described here.
Polarisation mixing modulator
The dual polarisation technique for reducing IMD in optical modulators has been demonstrated by 
Johnson et al [65]. The modulator must support TE and TM polarisation modes. The two modes see 
different transfer functions and the modulator bias must be adjusted such that both polarisation modes 
are biased at the half power point with slopes of opposite signs. This involves adjusting the polariser to 
allow a suitable TE to TM power ratios into the modulator, the cubic response of the TE mode can 
exactly cancel that of the TM mode, resulting in improved linearity. Reductions in IMD as high as 21 
dB have been reported in the kHz range. In [66] the author reports IMD reduction by 14 dB over the 
frequency range of 3.6 to 5.6 GHz. However the main limitations are that the scheme requires a large 
dc bias and an accurate TE-TM power ratio [67].
Cascade coupling modulators
Cascaded compensation is a suitable linearisation technique for lightwave system. A reduction of 30 
dB in second order distortion has been experimentally observed [53]. Linearised cascaded modulators 
have been reported [68] for CATV systems with SFDR of 115 dB.Hz2'3 and 34 dB reduction in IMD3. 
In this scheme two modulators are cascaded, with couplers having fixed coupling ratios.
Bias 1 Bias 2
Figure 2.10: Schematic representation o f  the cascaded linearised modulator [68]
It is the second modulator that compensates for the non-linearities introduced by the first 
modulator. Suppression of non-linear distortion is achieved by adjusting the bias voltages (not 
necessarily set at quadrature point) of the two modulators and the relative amplitude and phases of the 
RF input signal to each modulator. This technique has the advantage that it is completely passive. The 
linearisation takes place entirely on the optical chip; thus, the modulator’s frequency response is not
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limited by the bandwidth of electronic components as in the case of electronic linearisation. For the 
cascaded modulators, crosstalk problems are less severe than the parallel scheme and a lower bias 
voltage is usually required compared with other modified directional coupler schemes. The main 
disadvantage of this approach is that precise and critical adjustments of the bias voltages and the 
amplitudes and phase of the RF signals at the input ports are required. Another problem is its 
temperature sensitivity. When the temperature changes, the bias points of the two modulators drift in 
opposite directions; thus, the third order distortion increases sharply. Therefore, extra circuitry is 
needed to control the bias voltages and stabilise the temperature. Betts et al [69] investigated series 
connection of an MZ with a second MZ of reduced extinction (i.e. an optical power imbalance between 
arms so that the transmission is never zero) produces a linearised modulator to improve dynamic range. 
This technique has the advantage that it avoids the optical power splitting/combining difficulties of the 
parallel MZ. However these reduced extinction series MZ designs require two critical control 
adjustments and incur a noise figure penalty of approximately 6 dB compared to a single MZ, mainly 
due to the constraint of simultaneously minimising both second and third order distortion.
LiNb03 MZ modulators are widely employed. Such modulators, however, suffer from the DC 
drift effect and require control circuits. Compared with LiNb03 modulators, MQW-EA modulators are 
superior because they are DC drift free and offer lower power consumption [70]. An electro-absorption 
modulator (EAM) is an attractive device for low chirp, small size, and low driving voltage. Especially, 
the EAM monolithically integrated with a DFB laser (EAM-DFB) is the most practical device utilising 
the EAM, because the high coupling efficiency, between the EAM and laser in the integrated structure 
leads to high output power of the modulated light, providing its advantage over other modulators such 
as LiNb03 MZ and contributes to reduce system size and cost [71]. Linearisation of MQW 
electroabsorption modulator using an all optical frequency insensitive technique has been investigated 
[72]. A comparison of analogue RF photonic links using a variety of linearised electro-optic 
modulators is discussed in [73].
Meng et al [74] investigated electro-optical predistortion to eliminate the need for broadband non­
linear electrical devices. The non-linear element in this scheme is an additional MZ modulator (i.e. 
distorter) and has a higher modulation index and therefore larger distortion. The distortion components 
produced by the distorter are combined with the fundamental signal at the output of the predistorter to 
drive the primary modulator to reduce IMD3. Both the primary and distorter modulators are biased at 
the quadrature point. The RF input signal is divided into the linear and distortion path. The linear path 
is a time delay line to keep a 180 degrees phase difference between the two paths.
Mathai et al [75], reported a balanced electro-absorption modulator for analogue optical links, to 
allow simultaneous suppression of all even order distortions, third order IMD and laser RIN 
independent of the bias point. By biasing the balanced electro-absorption modulator at the third order 
null and operating the link in balanced mode, 7.5 dB suppression of second order distortion and 2 dB 
suppression of laser RIN was experimentally demonstrated. Employing the new balanced modulator
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shows great improvement in the overall link performance compared to conventional links using a 
single electroabsorption modulator. Optical delay lines and variable optical attenuators on the upper 
and lower output arms are required to compensate for RF phase and amplitude mismatch, respectively. 
At higher frequencies, fibre path length matching becomes more stringent.
2.4.4 Injection locking techniques
The transmission capacity of a system employing direct laser modulation is generally limited by the 
bandwidth of semiconductor lasers. The non-linear distortion becomes more severe as modulating 
frequency approaches the relaxation oscillation frequency, due to the non-linear coupling between 
electrons and photons. Therefore, if the relaxation frequency of the laser is increased, then the intrinsic 
non-linear distortion can be reduced in the GHz range. Several, research groups have shown 
theoretically that the use of external optical injection locking technique can enhance the modulation 
bandwidth of a laser diode, and hence improve the system performance at high frequencies [76, 77, 78, 
79,].
In this scheme, light from the master laser is injected into a directly modulated DFB slave laser. 
The optical circulator allows injection through the front facet of the slave, and provides an additional 
stage of isolation for unwanted light coupling from the slave to master laser. The slave laser is locked 
to the master laser and the laser non-linearities are reduced. A Polarisation controller is required to 
adjust the polarisation of the injected light. The locking behaviour of slave laser strongly depends on 
two parameters: the injection ratio and detuning frequency. The injection ratio is defined as the power 
ratio of the injected signal into the slave laser cavity from the master laser. The detuning frequency is 
the frequency shift of the injected signal with respect to the free running frequency of the slave laser.
Meng et al [80] experimentally investigated the effects of optical injection locking on the non­
linear distortion of a directly modulated semiconductor laser. The authors reported that under strong 
injection locking with -8  dB injection ratio and -15 GHz frequency detuning, the second and third 
harmonic distortions were suppressed from 2-4 GHz, with 15 dB reduction in IMD3 from 1.4-3 GHz. 
The SFDR increased from 95 dB.Hz2'3 to 100 dB.Hz273. The improved performance results from the 
dramatic increase of relaxation frequency of the DFB laser from 4.1 GHz in the free running case to 
13.6 GHz under injection locking. In [79] BPSK data transmission on a sub-carrier was investigated. 
With optical injection locking open eye diagrams and BER <10'9 has been achieved at sub-carrier 
frequency of 1.8 times the bandwidth of the free running laser.
The injection locking scheme is considered to be simple and can significantly enhance the 
modulation bandwidth. However, wavelength difference between the master and the slave laser is 
important for satisfying the locking condition and this is controlled by temperature tuning the master 
laser. For an optimised operation, the injection wavelength has to be carefully chosen to be slightly 
longer than that of the slave laser [81]. Since the locking range is not very wide this may limit the
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practicality of this method. Several authors have reported the use of optical injection locking to 
enhance the modulation bandwidth of laser diodes [82, 83].
Chrostowski et al [84, 85] investigated optical injection locking in VCSELs and demonstrated 
simultaneous reduction of RIN and improvement of dynamic range. The author reports a record SFDR 
of 111 dB.Hz273 for a directly modulated VCSEL. When the laser is injection locked, fewer carriers are 
needed to achieve lasing threshold. The spontaneous emission of the laser, and therefore its noise, is 
reduced. In addition, the resonance frequency enhancement for some injection conditions further 
reduces the noise value. The combination of these two factors results in RIN reduction of an injection 
locked laser. Modulation bandwidth in excess of 35 GHz has been demonstrated experimentally with 
this technique [86]. A record resonance frequency of > 40 GHz have also been reported for VCSEL 
[87].
Non-linear distortion suppression by sidemode optical injection locking has been demonstrated by 
Seo et al [88] with more than 10 dB reduction in IMD3 at 2.8 GHz. In this scheme, light from an 
external laser (master laser) is injected into the sidemode of the transmitting laser (slave laser) and not 
the fundamental mode. When the light of the master laser is injected into the slave laser sidemode, then 
its fundamental mode is significantly suppressed and the sidemode becomes dominant. With increasing 
injection power from the master laser, the slave laser fundamental mode is suppressed. The distortion 
suppression range can be widened by a factor of about two compared with external optical injection 
locking. This overcomes the narrow stable locking range problem associated with optical injection 
locking demonstrated by Meng et al [80], as locking occurs within the relatively large lasing frequency 
detuning range between the master and slave, and is typically tens of GHz.
2.4.5 Opto-electronic feedback
Opto-electronic (electro-optical) feedback has been used to improve linearity in analogue optical 
transmitters such as light emitting diodes (LEDs) for cable TV (CATV) systems [24, 89]. This method 
operates in the same way as electronic feedback invented by Harold S Black in 1927 [90] and a 
reduction of both noise and distortion in the optical output signal can be achieved by the feedback loop.
In opto-electronic feedback a sample of the modulated output signal is detected using a 
photodiode to monitor the optical feedback signal, amplified, phase inverted and then compared with 
the electrical input signal to produce an error signal which drives the source so that the modulated
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Figure 2.11: Basic schematic o f Opto-electronic feedback
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output closely resembles the electrical input [53]. The amount of distortion compensation depends on 
feedback loop gain [91]. Figure 2.11 illustrates the basic schematic of Opto-electronic feedback 
compensation demonstrated by Grijp et al [92] for LED linearisation with 2nd and 3rd order harmonics 
reduced by 10 dB and the noise level reduced by 12 dB. In [53] second and third order distortions were 
compensated by 12 and 4 dB respectively and intensity noise suppression using this technique has been 
demonstrated [93]. Further improvement in linearity and noise performance can be obtained by 
reducing the loop delay [94].
The advantage of feedback lies in the fact that the correction signal is generated from the distorted 
output signal and is therefore, at any instant, adapted to the output of the system. Thus this method is 
not restricted to 2nd order cancellation only. Although the application of negative feedback is relatively 
simple, it is however, the loop stability that imposes limitations on the performance and hence the 
bandwidth of the signals that can be handled. Since the loop gain and the loop delay must be decreased 
towards higher frequencies to maintain stability, reduction of non-linear distortion decreases.
Limitations
The limitation of opto-electronic feedback is that large bandwidth requirements can create problems at 
high frequencies since the finite time delay around the feedback loop reduces the bandwidth over 
which stable linearisation can be achieved. In practice, it is difficult to make the feedback system 
respond to signal changes greater than several MHz because of the delay with the associated 
components. Since the rate of change of phase with respect to time is equal to the angular frequency, 
then the delay of the network is given by:
Ad
T = —  (2.12)
A co
The frequency (0=©i8o can be calculated by setting the phase term equal to 180° and evaluating for a 
given delay t ,  that is:
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As the delay t  increases, the bandwidth over which the system is stable i f  < f m ) becomes 
progressively smaller. Hence the unity gain bandwidth is limited by the loop propagation delay [37] to 
f < 1/(2t) where x is the total open loop propagation delay. Considering a system using discrete 
components it would be difficult to make x < 0.5 nS, giving a delay limited unity gain bandwidth of 1 
GHz. In a practical system this could further be reduced to 500 MHz due to delay in feedback path. 
This means opto-electronic feedback can only be employed for applications such as CATV and so 
cannot be used for high capacity access networks. Progress on monolithic integration circuit may lead 
to feedback circuits that can operate in the GHz region [25].
Another issue resulting from feedback is that the output power of the optical transmitter is 
reduced. A modified opto-electronic feedback configuration is proposed by Liu [95], which combines
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the opto-electronic feedback and feed-forward technique. In this scheme, the error signal tapped from 
the optical output is combined with the direct reference delayed path and then applied to the optical 
source. Since only negative feedback of the error signal is applied, the output signal power will not be 
greatly reduced by the feedback loop. Although this leads to a slight increase in circuit complexity, it 
has the advantage of higher output power compared to conventional feedback with only one optical 
source. Other drawbacks include increased complexity of the circuit that has to be built around the 
specific optical transmitter and the deterioration of loop performance due to temperature and ageing 
effects on the characteristics of the feedback components. Since the time delay associated with the 
feedback loop may result in an unstable operation of the circuit, it is only suitable for frequencies in the 
order of few hundred MHz, and therefore is not widely adopted.
2.4.6 Quasi-Feed-forward
Quasi-feed-forward compensation is a technique that combines predistortion and feed-forward to 
provide linearisation [24]. This scheme uses two optical sources (LEDs or semiconductor lasers) and 
the distortion produced by one non-linear device is cancelled with the opposite distortion component 
produced by another device [25]. Figure 2.12 shows the circuit diagram for Quasi-feed-forward 
compensation.
The principle of operation is that the incoming input signal is split into three paths. In one of the 
paths, the signal modulates Laser 1 which generates optical signal plus distortion. The signal plus 
distortion is detected by the photodiode, amplified and then inverted. At the hybrid coupler the inverted 
signal plus distortion from Laser 1 is subtracted from the reference path. The output of the hybrid 
coupler is the distortion products inverted in phase. The error signal is then amplified by the error
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Figure 2.12 Principle o f Quasi-feed-forward compensation
amplifier and combined in a coupler with another reference signal coming from the third path. The 
output of this coupler then modulates the secondary Laser 2. If Laser 2 has the same distortion 
characteristics as Laser 1, then it will generate distortion which is equal in amplitude but opposite in
Chapter 2: Laser Non-linearity and Distortion Compensation Techniques 80
phase. For effective cancellation of the distortion products this requires the two sources to be of similar 
characteristics which can be very difficult.
Adjustment in amplitude and phase is made so that the distortion products create a compensating 
signal equal in amplitude and opposite in phase to the distortion generated by Laser 2. In this technique 
the first laser provides the compensating signal and it is the second laser that is linearised by 
predistorting the input modulation signal. From the system diagram it can be seen that the error- 
detecting part of this compensation scheme is exactly the same as that used in optical feed-forward 
compensation (discussed later). The main difference between the two techniques is the method used to 
achieve distortion compensation [89].
To demonstrate the feasibility, the scheme was applied to an optical transmitter such as a LED for 
multi-channel signal transmission. An improvement of more than 33 dB in second order and 17 dB in 
third order distortion has been achieved [96], and more than 35 dB in second order and 20 dB in third 
order distortion in a system transmitting three TV channels simultaneously was shown by Patterson et 
al [97]. The linearised system is capable of video signal transmission over a distance of at least 2 km 
without repeaters. In [89] it is shown that using quasi-feed-forward technique, analogue transmitters 
can be designed with less then -80 dB harmonic distortions for multi-channel video transmission.
Limitations
Although Quasi-feed-forward has been shown to be an effective cancellation technique using LED’s, it 
is expected that the same technique could also be applied for the linearisation of lasers. However, the 
difficulty in implementing this scheme is due to large variation in device characteristics over time. For 
effective cancellation this requires the two optical sources to be identical or of similar characteristics. 
With non-identical devices, the compensation will generally be not effective and a variety of design 
compromises can be affected.
2.4.7 Feed-forward
The feed-forward technique was first developed in 1924 by Harold S Black [98] as a means to 
compensate noise and distortion in repeaters for long distance carrier telephony However, its use was 
overshadowed by the simplicity of feedback, which was also invented by Black three years later. Feed­
forward was largely ignored until the late 1960s when was applied in RF applications by Seidel et al at 
Bell Laboratories in an attempt to reduce IMD in travelling wave tube amplifiers [90]. Since the 1970s 
interest in feed-forward grew mainly due to broad bandwidth cancellation and good stability. The 
technique has been widely used for IMD reduction in both optical transmitters [24] and RF amplifiers 
utilised in wireless communications.
The feed-forward compensation is very similar to the quasi-feed-forward technique, but does not 
require two transmitters with similar characteristics. The circuit for this scheme is shown in Figure 
2.13 with the relevant electrical spectra. The basic operation of feed-forward circuit is that the input
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signal is split into two paths; one path modulates the primary laser while the other path is used as a 
reference signal. Detecting the signal from Laser 1 and comparing it with the time delayed reference
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Figure 2.13: Schematic diagram o f the Optical Feed-forward Transmitter
path provides an error signal at the output of the 180 degree hybrid coupler which is then amplified and 
modulates the secondary laser. The modulated optical signal from Laser 2 is combined with the optical 
signal of Laser 1 to cancel the distortion products when detected by the PIN photodiode. For maximum 
cancellation of the distortion products amplitude and phase matching is required both for the carrier 
suppression loop and the distortion cancellation loop. This is facilitated with the use of variable gain 
amplifiers and microwave phase shifters.
In the late 1970s, with the growing demand for cable television (CATV) systems many authors 
investigated the possibility of employing feed-forward compensation to linearise LEDs [24, 89] and 
directly modulated semiconductor lasers in order to meet the stringent specifications for CATV. In 
1991 Fock et al [99, 100] experimentally investigated feed-forward for 1.3 pm directly modulated 
semiconductor lasers and achieved more then 14 dB reduction of second order and 3rd order IMD 
reduction of 10 dB over the frequency range of 100 MHz to 1.5 GHz. A few months later, the same 
author reported the first demonstration of reduced intensity noise in a semiconductor laser using feed­
forward compensation [99]. Previously noise reduction of 12 dB has been reported [92] using opto­
electronic feedback for narrowband systems. In [101] it was shown that RIN decreased by nearly 8 dB 
by increasing the cavity length and further reduction in RIN is achieved by reducing the p-doping 
concentration of the active layer. With feed-forward the intensity noise had been reduced by more then 
10 dB over the frequency range 1.7-3.0 GHz together with simultaneous improvement in second
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harmonic distortion of 25 dB at 2.4 GHz and third order IMD reduction by more than 10 dB from 2.1 -  
3.0 GHz. The maximum improvement in intensity noise observed was 14 dB limited by the instrument. 
In 1992 [102], the same author carried out further experimental work on noise reduction and presented 
theoretical estimation of noise limitations of feed-forward compensation. This simultaneous reduction 
of noise and distortion was attributed to the fact that distortion products can be viewed as a form of 
noise in a feed-forward system. One of the conclusions made in this work was that “the condition for 
maximum improvement in intensity noise is also the condition for maximum suppression of 
distortion”.
In 1993 Hassin et al [103, 104] reported theoretical simulation and experimental results to achieve 
distortion cancellation of 20 dB over a bandwidth of 850 MHz. Ideal case simulated feed-forward 
results showed a distortion reduction of about 92 dB to a level of -138 dBc. However simulations of 
practical system with optical phase and amplitude match of less than 2 degrees and 0.5 dB respectively, 
showed non-linear distortion reduction of approximately 30 dB. It was emphasised that the system 
performance is dominated by amplitude and phase match between the two optical signals and obtaining 
such accuracy is very difficult over a wide bandwidth. A more achievable match of 5 degrees and 1 dB 
resulted in distortion reduction of 20 dB.
Vahldieck [105] reported experimental results in 1994 achieving a 10 dB noise reduction over a 
bandwidth of 400 MHz for CATV networks and an average of 18 dB non-linear distortion 
improvement using optical feed-forward. In the same year Buxton et al [106] also demonstrated an 
average of 10 dB noise reductions over the frequency range up to 400 MHz together with distortion 
products lower than -60 dBc in order to meet the specifications for the distribution of CATV system.
Feed-forward compensation has also been investigated in linearisation of external modulators by 
Ridder et al [107] to reduce distortion. Experimental results demonstrated signal suppression of > 15 
dB over the frequency range of 50-300 MHz and > 25 dB from 300-500 MHz. A reduction of 35 dB in 
IMD is demonstrated in [108]. Iwai et al [109] discussed the use of feed-forward to compensate signal 
distortion due to non-linearity of the modulator’s L-V characteristics for CATV transmission systems. 
MQW-EA modulators are considered to be beneficial since they are drift free (dc drift effect) and can 
be monolithically integrated with DFB lasers. Since the L-V characteristic depends on device 
temperature, a control circuit is necessary to drive the modulator in a stable condition. Signal distortion 
is suppressed by 12-15 dB. The author also states that the degradation of signal distortion cancellation 
due to group delay difference can be well suppressed even after 10 km transmission by minimising the 
wavelength difference between the two sources to <0.36 nm as long as the influence of beat noise is 
ignored.
An optical free space feed-forward system was demonstrated by Sweet et al [110] in 2002 
together with simulation results showing theoretical reduction in IMD3 of around 50 dB. However, 
practically reduction of 20 to 25 dB is possible.
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In 2004 Phillips et al [111] analysed the performance of a feed-forward transmitter in terms of 
clipping distortion for CATV systems (from 55 MHz to 529 MHz) and demonstrated that with 
electrical filtering, a modulation depth of 28% can be achieved in comparison to 22% without 
linearisation. Increasing the optical modulation depth improves the signal-to-noise ratio.
More recently in 2005 feed-forward has been investigated in wireless over fibre systems between 
1.8-2.3 GHz to overcome chromatic dispersion limitations using vector control theory [112]. 
Experimental results demonstrate 38 dB IMD3 reductions even after 20 km of fibre transmission. This 
approach overcomes the limitations of transmission distance for optical feed-forward transmitter.
Much of the previous work on linearisation of optical transmitters using feed-forward technique 
has been for CATV distribution and wireless over fibre system for cellular communications up to 
frequencies of order 2 GHz.
Limitations
Interest in feed-forward technique is mainly due to the significant reduction of distortion products that 
can be achieved over a wide bandwidth while simultaneously reducing the laser noise [106, 113]. 
Feed-forward has the ability to suppress distortion of any order and is not limited to 3rd IMD reduction. 
The feed-forward scheme is theoretically tested and results show that this linearisation techniques 
performs equally well for a large number of channels [104] making it practical in a SCM system.
The need for an auxiliary laser diode, the consequent cost and circuit complexity, has always been 
considered the main disadvantages of this technique, and often discourages its use. Also, strict 
requirements for phase and amplitude matching of the signals being cancelled in each loop of feed­
forward affect the overall performance of the system. Since wavelength separation between the two 
lasers is required to prevent signal beats, this results in dispersion penalty that needs to be considered 
causing phase mismatch between the compensating signal from Laser 2 and the corrective signal from 
Laser 1. To overcome, the system can be optimised for maximum performance at a given transmission 
length of fibre.
2.5 Conclusion
A review of different linearisation techniques schemes has been given in this chapter. The choice of 
distortion compensation technique depends on a number of factors such as the frequency range, the 
distortion performance required and the acceptable complexity of the linearisation circuitry. However, 
the most promising technique for distortion reduction at microwave frequencies [99] is feed-forward 
compensation.
Opto-electronic feedback and quasi-feed-forward compensation have been used to linearise LEDs 
in narrowband systems. There are two issues, which limit the feedback method for practical 
applications. The time delay associated with the feedback loop may result in an unstable operation of
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the circuit at high frequencies; hence the loop delay must be small. The other problem is that the output 
power of the optical source is reduced. The main disadvantage of the quasi-feed-forward compensation 
is that two lasers with identical distortion characteristics are required which can be difficult. Pre­
distortion has been used to improve laser linearity but requires non-linear elements whose distortion is 
exactly same as the laser distortion over a broad bandwidth. Although feed-forward is a relatively 
complicated scheme it offers a significant reduction of distortion products of all order with 
simultaneous reduction of intensity noise and can be implemented for broadband linearisation. A major 
advantage of this approach as opposed to quasi-feed-forward is that the two laser sources do not need 
to be identical and the distortion characteristics of the devices do not need to be known [25]. Hence it 
is possible to achieve cost reduction using a less linear and therefore less expensive secondary laser. 
Unlike opto-electronic feedback, this method overcomes the delay limitations and is stable. Since there 
is a continuous forward signal flow there is no feedback path then this means that feed-forward is 
unconditionally stable and allows operation over wide bandwidth. The fact that the error correction 
signal is directly extracted from the distorted signal and does not need to be independently generated as 
in pre-distortion compensation means that individual matching to a laser is not required. Therefore, it 
can achieve better distortion cancellation over wide bandwidths than other techniques together with 
reduction of higher order (such as 5th and 7th) distortion products.
The focus of this thesis aims to advance and contribute to the work already done by providing 
broadband linearisation for frequencies up to 6 GHz using feed-forward linearisation. This has the 
potential to use directly modulated lasers with enhanced dynamic range in wireless over fibre systems 
for applications in WLAN using the IEEE802.11a standard and the WiMAX (IEEE802.16). Feed­
forward linearisation has not previously been demonstrated at modulation frequencies above 3 GHz or 
with low cost uncooled lasers at 1550 nm, as required for IEEE802.11a wireless systems operating at
5.2 GHz. Previous work on feed-forward linearisation has relied on accurate adjustment of microwave 
devices for maximum distortion cancellation. The aim is to investigate and discuss automatic control of 
this parameter. Adaptive techniques are required to compensate for changes such as component aging 
or temperature drift. The penalty, however, is extra complexity.
In the following chapter, discussion includes design optimisation and practical implementation of 
the feed-forward system for simultaneous reduction of laser RIN and distortion to improve the dynamic 
range of a directly modulated DFB laser. Theoretical analysis together with experimental results are 
presented in greater detail.
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Chapter 3
Feed-forward Linearisation: Theory and 
Experimental Results
In Chapter 2 distortion compensation techniques were discussed. Among all the techniques feed­
forward shows great potential for simultaneous reduction of distortion and noise in a directly 
modulated semiconductor laser at microwave frequencies. This chapter concentrates on explaining the 
operation of the feed-forward scheme in considerable detail and experimentally assesses the circuit 
performance. After an Introduction 3.1, to feed-forward, theoretical analysis is presented in Section 3.2 
to determine the distortion and noise reduction that can be achieved. System evaluation is carried out in 
Section 3.3 to investigate component specifications and how they affect the overall feed-forward 
performance. Section 3.4 considers adaptive techniques to overcome component ageing effects, and 
temperature drift. The experimental arrangement for feed-forward linearisation is demonstrated in 
Section 3.5, with results in Section 3.6 for reduction of intermodulation distortion and noise to improve 
dynamic range in a directly modulated laser. Distortion measurements are carried out for spectral re­
growth using broadband data to assess system performance with feed-forward enabled and disabled for 
the 2.4 GHz and 5 GHz bands intended for IEEE802.11b/g and IEEE802.11a systems respectively. In 
the last, Section, 3.7, Conclusion important results are summarised from this chapter.
3.1 Introduction
Figure 3.1 shows the implementation of the optical feed-forward linearised transmitter used to 
compensate distortion and noise generated in a directly modulated laser L,. The circuit requires two 
semiconductor lasers, a monitoring photodiode, microwave devices such as amplifiers, variable 
attenuators and an adjustable delay line. The system is made up of two loops:
i) The inner loop- (error determination loop or signal cancellation loop) and
ii) The outer loop- (error injection loop or distortion cancellation loop)
The operation of feed-forward can be clearly seen by referring to two tone test spectra shown at 
various points throughout the system. Considering the inner loop first, the RF input signal is split into 
two paths at the input splitter Ci, one of which modulates the primary laser Li while the other is the 
error free reference path. Due to non-linearity of laser Lj, the optical modulated output signal contains
92
Chapter 3: Feed-forward Linearisation: Theory and Experimental Results 93
Optical Feed-Forward Linearised Transmitter
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Figure 3.1 Diagram o f the feed-forward system
distortion products resulting in additional frequency terms known as interm odulation distortion (IM D ). 
T he output is split through a 50:50  optical coupler K) and is then detected using a photodiode D b 
fo llow ed  by a variable gain am plifier Aj.
T he output o f  the am plifier A i containing the signal and the distortion products together with the 
intensity n o ise generated in laser Li is subtracted from  the error free reference path at the 180° hybrid 
electrical coupler C 2. The resulting output signal ideally should consist o f  the error signal on ly (i.e . the 
non-linear distortion products and the detected noise o f  the primary laser Lj). T his part o f  feed-forward  
is called  the signal cancellation  loop.
The error signal at the output o f  the electrical coupler C2 is 180 degrees phase shifted and is 
injected into the distortion cancellation loop. The signal is am plified using an am plifier A 2 before 
m odulating the secondary laser L* The m odulated optical output signal from  laser is an optical 
representation o f  the error signal (i.e. distortion products) at the output o f  the primary laser L i, but 
inverted in sign [1, 2]. S ince laser L^, is directly m odulated with the phase inverted distortion products, 
it can be assum ed to operate linearly and not generate sign ificant distortion o f  its ow n [3]. T he output 
o f  laser is com bined with the optical signal from  laser Lj in the 90:10  optical coupler K2. The 
com bined optical signals from  the output o f  coupler K 2 are then transported over fibre and the 
cancellation o f  distortion and intensity noise takes p lace at the receiver. The photodiode functions as a 
broadband in phase m icrow ave com biner, coherently adding the detected RF signals. T he unwanted  
distortion signals add in anti-phase resulting in an output with suppressed distortion products. Enabling  
and then disabling the output o f  the secondary laser L2 determ ines the performance o f  the system  with  
and w ithout feed-forward.
Both the signal cancellation loop and the distortion cancellation loop require correct am plitude 
and phase for cancellation o f  the carrier signal at the electrical coupler C 2 and distortion products at the
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receiver photodiode D2. This is facilitated with variable attenuators and variable gain amplifiers for 
amplitude matching and microwave cables fine tuned with electrical phase shifters for phase matching. 
For broadband cancellation the path length also need to be delay matched. Theoretically distortion can 
be completely removed [4]. However, amplitude and phase mismatch caused by the non-ideal 
frequency response of lasers and other microwave components such as amplifiers and photodiode limit 
the amount of distortion reduction that can be obtained in a practical feed-forward system.
Although feed-forward is a more complicated scheme than predistortion, it provides a promising 
solution for linearisation of directly modulated optical transmitters. The advantages of feed-forward are 
as follows:
• Significant reduction of distortion can be achieved at more than 1 GHz and the technique therefore 
is more suitable for linearising lasers and modulators for microwave applications.
• Simultaneous reduction in distortion and laser relative intensity noise (RIN) is possible over a
wide bandwidth [5].
• Reduction in higher order distortion products
• Small optical power penalty
• Unlike predistortion second and third order distortion can be eliminated and thus this method can
be applied to both lasers and modulators.
The advantages mentioned above for feed-forward come at the expense of a requirement for a high 
degree of matching in both amplitude and phase for virtually all of the system components. The 
performance of the system is very much dependent on the degree of amplitude and phase matching of 
the signals within the loop for distortion cancellation. Accurate path matching is required for 
broadband cancellation. The lack of feedback path in a feed-forward system means that it cannot 
monitor its own performance and hence correct for gain or phase changes due to temperature or ageing 
effects. Although perfect cancellation can be achieved by manual setup this may drift over time and 
can degrade the performance.
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3.2 Theory
3.2.1 Analysis of feed-forward
The overall transfer function related to the input and output of feed-forward in Figure 3.1 can be 
derived. The optimum component values of the system are deduced from the transfer function. The 
electrical coupler C2 must provide a 180 degree phase shift for carrier and distortion cancellation to be 
achieved. The assumptions made in these derivations are,
-Laser diodes L| and L2, amplifiers and other electronic components have linear phase and flat 
magnitude response
-The effects of electrical reflection between the connections of various components are negligible 
-The distortion introduced by the amplifiers Ai and A2 is negligible
-The input to the secondary laser is small and the distortion generated in it is therefore negligible 
-There is no attenuation in the time delay reference path.
-The input splitter Q  is an ideal 3 dB coupler
Assuming no distortion is generated by laser Li and the amplitude and propagation delay in the system 
is matched then the transfer function can be written as in equation (3.1):
V~' = x k i  (1 -  )(1 -  * 2 ) + (l -  q.iK,%RLGl )G2q,2K2] (3.1)out
is the modulated output of the linearised source (V)
Vm is the modulating input signal (V)
qel and qe2 are the quantum efficiency of laser Li and laser L2 (W/V)
SR, is the responsivity of the photodiode D x 
C, is the input splitter and C2 is the 180 degrees hybrid coupler 
K x and K 2 are the coupling coefficients of the optical couplers
Gj and G2 are the gain for amplifiers A, and
R l is the input resistance of amplifier Ai 
The input signal Vin is split into two paths using a microwave splitter C ,. The optical modulated 
output signal from laser Li is:
YudtL (3.2)
2
The output of laser Lt is split using an optical coupler K x . The top path directly arrives at the output
coupler K 2. A sample of the output signal is coupled by K x , detected by the photodiode Dx and is
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amplified by \ . The input to the electrical coupler C2 must give 180 degrees phase shift for 
cancellation to occur. So
— ~Vjn(le
2(lnputl) “  2
The second input signal to the coupler C 2 is from the direct path that is the delayed version of the input 
signal. The two signals are combined in C2 to give an error signal which is amplified by and 
modulates the secondary laser L2. The optical output error signal of laser L2 is
^  VL(1  - ^ % R LG,)G2q ,2 (34)
The output of laser L2 is combined with the optical signal from laser Li in the output coupler K 2 . This 
gives the optical output signal
v m  = (1 -  K, )(1 - K 2) + V„{1- qt[ K ,%  RlG, ]G2qr2 K 2 ] (3.5)
Rearranging (3.5) gives the transfer function of the system
Vout = z k i  (1 -  X I - * 2) + ( > - A G  | )G2q ,2K 2} (3.6)
V 2in
Further analysis can be derived taking into account the delay effects and the distortion generated from 
laser Li [6 ]. The output of the primary laser Li, VL](t), for an input signal, V ^t), is:
V u (0  = Y ^ t '>e ' tmL' + ^ i W ]  (3.7)
where xLi is the delay introduced by the primary laser at an angular frequency co and Vdl(t) is the 
distortion generated by laser L t. The proportion of the signal fed to the photodiode D( is determined by 
the coupling ratio of Ki and after amplification by amplifier Ai, the input signal to the electrical 
coupler C2 is
+ q « K ,% R l GlVM« )  (3.8)
Tpi is the total delay in the laser Li path. The other input to the electrical coupler C2 is from the direct 
reference path, assuming paths are matched and the delay element is lossless, then:
V (t)
(3.9)
where t Ti is the delay in the direct path for phase matching. The electrical coupler C2 provides a phase 
shift of 180° to the signal from the laser path. The two signals are combined and the error output is
K r r  ( 0  =  ~ ^ C 2 ( l )  ( 0  +  ^ C 2 (2 ) ( 0
vr„(t) = - qi[K[%RtGy d[(t) + M l e-i ~^ (310)
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For the carrier signal to be completely removed from the error signal, the following conditions must 
hold ipi = ij i  and
1
G| (3.11)
^ * 1 1 1
The resulting error signal is then
V „ (f)  = - q « K l% R l GlVM(t) (3.12)
The output from the primary laser L1( having passed through the top path is
VT2(t) = + q„vdl (0(1 -  K, (3.13)
where Xt2 is the fibre delay in the top path. This is the main signal path for K2. The second input to K2 
is derived from the error signal V ^ t) ,  after amplified by A2 modulates laser L :^
VL2(t) =  - q ciK x% R LG f i 2q ,2Vdt (3.14)
VL2(t) is the modulated output from laser L2 and x^ is the delay introduced by laser L2 and the 
associated components in the path. The two signals are combined at the final coupler K2 to give output:
V<m (0 =  VT2 (0(1 - K 2) + K 2VL2 (t)
( 0  = V61 (t)e-M*u»„) + (1  _  K< ) (1  _  K j )Vdi (t)e- i ^  (3-15)
In order for the distortion products, Vdi(t), to cancel perfectly, the following condition must hold:
Xj2 — Xl2 and
( 3 . 1 6 )
K tK 2% q ,2 ( >
The final output is then:
(t) = j q „  (1 -  K, )(1 -  K 2 )V„ (t)e - M r “ +r " 1 (3.17)
Thus, the output signal is a time delayed replica of the modulated input signal with the distortion 
removed from laser Li. The derivation presented assumed that the second laser L2 is linear and the gain 
and phase balance of feed-forward system was perfect. Neither of these criteria will exist in a practical 
system. If distortion from the secondary laser L2 is considered then equation (3.14) becomes:
Vl iO) = - < ! ^ % R LG f i 2q t2Vdt(t)e -Jm^  +V„2« )  (3.18)
where V ^ t)  is the distortion generated by the secondary laser L2. The final output then becomes
v „  it)  = ^ q „  (1 -  K, )(1 -  K 2 )V„ + K 2V„2(t) (3.19)
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3.2.2 Reduction of distortion
To further understand the factors affecting the amount of distortion reduction achievable by the feed­
forward system, the output signal of the feed-forward transmitter is determined.
If an input electrical signal of 2Acos(cot) is assumed then the output of the feed-forward 
transmitter can be determined. Since the signal is split into two by the -3 dB power splitter the signal 
modulating laser Li is Acos(oot). Due to non-linearity of laser Li its output will contain the fundamental 
signal qeiAcos(cot), but also distortion products such as second and third harmonics. In this derivation, 
only second harmonic distortion is considered for simplicity. However, the treatment for third 
harmonic and other types of noise signals is very similar.
Considering first the output power of the electrical coupler C2 i.e. the output of the signal 
cancellation loop, this signal is made up of signals from two paths. One of the input signal SL to C2 
originates from laser Lt, passes through the coupler Ki, is detected by the photodiode Di and then 
amplified by A l. Thus this signal is given by:
S L = q eXK xSfixR LG xA[cos(cot)+ D hd cos(2ft*)] (3.20)
Where D hd is the ratio of magnitude of the fundamental signal to that of the second harmonic and 
represents the amount of distortion in the primary laser Lt. The second input signal SR to C2 is the 
reference signal without attenuation from the time delay path. Hence
S R = Acos(tf# + 0X) (3.21)
6\ represents the phase difference that still exists between the two paths after adjusting the phase shifter 
in the variable delay line. Therefore, the total signal Seiror at coupler C2 is
Serror ~  Acos(twf + 0X)—qeXK xSfixR LG x Acos(twf)—qeXK x<R xR l G xA D hd cos(2ftX) (3.22)
The output error signal from C2 is amplified by A2 to modulate the secondary laser L 2  and is given by
S L2 = S errofG2q e2 (3.23)
Substituting equation (3.22) into equation (3.23)
S L2 = [Acos(fl* + 0X ) -  q elK x<3{xR LG xAcos(QM)- q elK xSfixR LG xA D HD cos(2ax)]G2q e2 (3.24)
This forms one part of the feed-forward output. The other part comes from laser L t, delayed by the 
fibre delay. This signal SLi at the input of the optical coupler K2 is
S LI =  <le\ (* “  K \ )a [c o s (< w  +  0 2 ) + D hd  cos(2<ar +  02)] (3.25)
Again 02 is the phase difference between paths caused by the fibre delay. Hence the output of feed­
forward transmitter So* is
S <M= S LI( l - K 2) + S L2K 2 (3.26)
Substituting equations (3.24) and (3.25) into equation (3.26) the expression is
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s«« = k i  (l -  *  I )a[cos(<w+ 02)+ D hd cos(2&«+ 02 )]](l - K 2)+
(3.27)
{acos(<2* + 0 \ ) - q „ K x% R LG, [Acos(<ar)]-4„ K ^ R f i ,  AD hd cos(2 an)lp2qt2 }k 2 
Collecting the terms
= (! -  K, X1 -  K 2)qelAcos(aX + 02)+
G2qt2K 2A[cos(dM + 0 ,)~ q tlK i% R LG l cos(tt»)]+ (3.28)
A D hd k i  (l “  Xl “  ^ 2  )cos(2<Uf + 02) - q e,K lK 2% R LG,G2qt2 cos(2<ur)]
In the ideal case, the phase shifters in the variable delay line and the gain of amplifiers are adjusted.
The condition for carrier cancellation in the signal cancellation loop is
cos(ctX + 0X) = qelK lS ilGl cos(twr) (3.29)
when 0X = 0  (3.30)
G< = „~i  a, (3.31)qelK lv \ l
Where Gi is the optimum value for amplifier Aj. Similarly the condition for zero distortion is
( !_ * i X1 -  K i ) c o s ( 2  o x  + 02) = qtiK tK 2% G xG2q ,2 cos(2fi») (3.32)
when 02 =O (3.33)
GG - G  - ft-^iXl-Kj
1 2  “  '-'Total -  r  r  <M „ (3.34)
1 2
Gjotai is the optimum value for gain product G1G2 for total cancellation of distortion to occur. If 
equation (3.30) and equation (3.31) are satisfied, then the carrier cancellation loop is correctly adjusted 
and there is no amplitude and phase mismatches. If all four conditions in equations (3.30), (3.31), 
(3.33), and (3.34) are met, the output of the transmitter will contain only the linearised signal.
3.2.3 Theoretical prediction of distortion cancellation
The feed-forward system consists of two cancellation loops, the inner loop for the carrier cancellation 
and the outer loop for distortion cancellation and the operation can be theoretically explained with the 
use of vectors. The vector representation of the cancellation process is shown in Figure 3.2 where a 
reference signal has a amplitude of 1 and phase of 0  degrees and a mismatched cancelling signal with 
amplitude 1+8A and a phase of 180+0 degrees [7]. The resultant vector (r) is related to the phase error
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and amplitude imbalance. For perfect cancellation the resultant vector i.e. the suppressed signal has a 
very small magnitude almost equal to 0. However, practically ideal cancellation is not possible and it is 
useful to estimate the amount of mismatch that can be tolerated for a certain amount of required 
suppression. Using the cosine rule, the magnitude of the resultant vector r, can be calculated from 
equation (3.35)
r 2 = (l + M ) 2 +1 -  2(1 + M )co s 0  (3.35)
This is the general equation for calculating the magnitude of the sum of two vectors. In the ideal 
case of feed-forward, assuming that the two vectors are equal in magnitude i.e. 8A=0 and 180° out of 
phase then the two signals cancel each other and distortion is completely removed. The amount of 
cancelled signal is thus a function of two variables, the amplitude mismatch 8 A and the phase 
mismatch 0 . Rewriting equation (3.35) the cancellation in dB can be calculated.
f AA(dB) M (dfl) \
R(dB) = l0Log 10 10 + 1 - 2 x 1 0  20 C O S0
\ y
where AA is the amplitude mismatch and <j> is the phase mismatch. The relationship between the 
cancellation and the phase/amplitude error can be plotted using equation (3.36) and represented in 
several ways:
• The amplitude mismatch for a fixed phase
•  The phase mismatch for fixed amplitude
• The range of amplitude and phase mismatch
Theoretical curves are produced to predict the level of distortion cancellation in feed-forward loop 
as a function of amplitude and phase mismatch and this is shown in Figure 3.3. To achieve a given 
degree of cancellation specific tolerances must be met. For example, 40 dB cancellation requires a 
phase balance of 0.5° and an amplitude match better than 0.05 dB. This illustrates the difficulty in 
constructing circuitry that will provide large distortion cancellation. It is evident that the higher the
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Figure 3.2 Vector signal cancellation
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desired cancellation and w ider the bandwidth the more d ifficult it is to m eet the strict phase and 
am plitude requirements. A s a result, there is a trade o f f  between the operating bandwidth, w hich  is 
effec tive ly  the frequency range over w hich  the required balance can be obtained and the distortion  
cancellation. For optim um  performance both lasers (Li and L2) should have a flat response and phase 
over the band o f  operation. A lternative solutions may be required to match the response o f  the tw o  
can celling  paths such as the use o f  gain and phase equalisers to ach ieve the required am plitude and 
phase balance. H ow ever, this is a com p lex  and a d ifficu lt approach.
-10
s. '20
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a>o
8  -40
Amplitude mismatch 0.01 dB
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Figure 3.3 Theoretical distortion cancellation in feed-forward dependent on amplitude and phase mismatch 
3.2.4 L aser noise reduction
An additional advantage o f  feed-forward schem e (as previously m entioned) is its potential to reduce 
RIN o f  a laser. The noise introduced in the primary laser Li can be considered as an additional signal 
not present in the reference path and hence w ill appear as part o f  the error signal at the output o f  the 
electrical coupler C 2. T he error signal at the output o f  the electrical coupler C2 contains distortion  
products and noise is obtained by com paring the reference signal with the output signal o f  laser Lj. 
Therefore, when com bining the correcting signal from  laser L2 with the main signal from  laser Li 
cancellation o f  distortion and n oise can be achieved  assum ing gain and phase balance o f  the overall 
system  is m atched. Therefore, feed-forward not only elim inates distortion but a lso  n o ise  and indeed  
any other spurious signals present at the output o f  laser Li w hich are not present in the reference path. 
T his is a useful benefit o f  the feed-forw ard system , as it a llow s relatively low  n o ise  lasers to be
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constructed with high third order intercept point, resulting in a improved dynamic range. Fock et al [5] 
have experimentally demonstrated simultaneous reduction of distortion and noise using feed-forward.
The amount of linearisation and improvement in intensity noise is limited by distortion and noise 
added to the system by laser L2. While the distortion from laser L2 is typically small, because the error 
signal modulating this laser is small, the RIN added to the system may be relatively large. The 
proportion of noise coupled to the output from laser L2 depends on the choice of coupling ratio for K2 
and this can be minimised using a coupler that has a ratio of 10 dB or more but then it is necessary to 
increase drive to L .^ The presence of shot noise associated with the photocurrent in the photodiode Di 
and the amplifier noise in Aj and A2 and the intensity noise generated by laser L2, ultimately limit the 
maximum achievable improvement in intensity noise at the output of the transmitter and the achievable 
dynamic range. While the distortion introduced by amplifiers Ai and A2 can be neglected, the noise 
introduced by these amplifiers can affect the overall noise performance of the system. The noise gain 
must be kept small and this is dependent on the coupling ratio of optical couplers Ki and K2 (to be 
discussed later). A theoretical noise limitation analysis for feed-forward system is presented in [8 ].
In the carrier cancellation loop, the noise source nl at the input of amplifier Aj comprises 
intensity noise of laser Li, shot noise of photodiode Di, and the noise generated by amplifier Aj. These 
mean square noise currents are expressed as follows:
• The contribution of the intensity noise of the primary laser Li, i 2R,N^ , is R IN J^B  where RINi is
the relative intensity noise of the laser Lj and B is the bandwidth.
• The shot noise, i 2shot , is 2ixeB  where ij is the photocurrent of the photodiode Di and e is the
electronic charge
  AkTF B
• The noise generated by amplifier A l, 1 , can be written a s   — , where k is the Boltzmann
R \
constant, T is the temperature in Kelvin, Fj is the noise factor and Rj is the input resistance of Ai. 
Since the noise contributions are not correlated, the noise source nl is the sum of their mean squared 
noise current, and is expressed as follows:
The noise source n2 after the carrier cancellation loop and at the input of the amplifier A2 is the sum of 
the noise source n l and the noise generated by amplifier A2. Thus, this amplifier noise is written as
(3.37)
Substituting the expressions of noise contributions into equation (3.37) gives
r w m r  - 2  „  4kTF.Bnl = R IN ^  B  + 2ixeB + ------- —
R\
(3.38)
4kTF2B
R 2
(3.39)
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Where F2 is the noise factor of amplifier A2, and R2 is the load resistance. The noise source n2 is 
written as:
n 2  = '  2„  „  A kTF .B 'RIN xixB + 2ixeB +
_ 4 kTF2B
G{ + p 2 (3.40)
2
Gi is the gain of amplifier Aj. The total noise, that modulates laser L^, is denoted by propagation noise 
tip. If the amplifier A2 has a gain of G2, this propagation noise is expressed as:
f  AkTF2B \ _
G ,+ — - ------YG2 (3.41):2 o . . 4kTFxBR IN xi{B + 2ixeB +
Expanding the term in equation (3.41) gives,
AkTF ft AkTF ft
np = R lN tfB G & t + 2ixeBGxG2 H ~ ~ ~ ~ G XG2 (3.42)
A j A j
In addition to the propagation noise np, the intensity noise of the secondary laser L2 also contributes to 
the output signal of the feed-forward system. If a photodiode D2 followed by an amplifier A3 is used to 
detect the output optical signal from the feed-forward system, the noise source n3 at the input of the 
amplifier A3 consists of several noise contributions. These are:
• The propagation noise np
• The intensity noise of the secondary laser 1^  is T]RIN2i%B,
• The intensity noise of the primary laser Li in the top path of feed-forward is (l -  rj)RINxi2B
•  The shot noise of the photocurrent in photodiode D2, 2i2e B , and the noise generated by amplifier
4 kTF.B
where RIN2 is the relative intensity noise of the secondary laser L^, i2 is the photocurrent of the 
photodiode D2 and r\ is the optical combination ratio defined as the fraction of the total average optical 
power at the output of the feed-forward system that comes from laser L .^ The noise source n3 is 
expressed as:
4 kTF,B  
 5—+
*3
rjRINJilB + ri
/  \  (3.43)
AkTF B AkTF B
2 ixeBGxG2 + — - X - G ,G 2 + — - ^ - G 2
V 2 J
Since the intensity noise of the laser Li is coming from the main path and the noise contribution 
coming from the laser Li path are correlated and opposite in sign (refer to equation (3.43), in principle 
they cancel when
(l -  rj)RlNxi\B  = T)RINfiGxG2B  (3.44)
or
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(1 -rift = rtf Gfit (3.45)
The other noise contributions are uncorrelated to the noise cancellation. Therefore, the sum of the other 
noise contributions n ^  cannot be cancelled by the feed-forward compensation and limit the system 
noise performance. The minimum noise achievable with feed-forward compensation (the noise limit) is 
therefore:
nm =T}RIN2ilB  + tj „  4kTF.G,G1B 4kTF,G 2B '  2i.eG.GjB + ------- 1 1 1 + --------2_ 2_
R, * ,
„. „ 4kTF,B 
+ 2i 2e B +  2— (3.46)
R-i
Note that the shot noise due to photocurrent in the photodiode D2 and the noise generated by the pre­
amplifier A3 are not involved in the noise limitations of a feed-forward system. The feed-forward can 
only reduce RIN generated by laser Li. The other noise contributions, which include RIN from laser 
L2, shot noise from photodiode Di and thermal noise from amplifiers, are intrinsic to the feed-forward 
system and thus limit its noise performance. For improved noise performance the first stage amplifier 
Ai should have a low noise figure.
33  System Evaluation
33.1 Effect of loop imbalance
The performance of feed-forward compensation depend on the degree of amplitude and phase 
matching that can be achieved in each of the loop. Any imbalance in the first loop (signal cancellation 
loop) will affect the reduction of the carrier signal at the output of the electrical coupler C2. Depending 
on the level of the suppressed carriers in the first loop and the linearity of the secondary laser this 
can lead to further distortion and intermodulation products being generated. Ideally, maximum carrier 
suppression will be achieved when the two combining signals at the hybrid coupler C2 are equal in 
amplitude with a 180 degrees phase difference.
The amount of distortion signal that the feed-forward system can tolerate from laser L2 also 
depends on the coupling ratio of the optical coupler K2. If this ratio is small, say 0.1, only one tenth of 
the distortion from the secondary laser will be coupled to the output of the transmitter. This means 
that in the case of a small coupling ratio of K2, the carrier signal only needs to be kept small so that 
laser L2 does not introduce an excessive amount of distortion. Hence, complete removal of carrier 
signal is not essential. Once the carriers are suppressed to the IMD3 level then there is no need to 
further reduce the carriers. This means that the carrier cancellation loop does not need to be tuned to a 
high degree of accuracy. In practice, a 30 dB of carrier suppression is sufficient so that the laser L2 is 
driven in the linear region.
The situation is completely different for the second loop (distortion cancellation loop). Any 
imbalance of amplitude and phase mismatch in this loop will directly affect the amount of distortion 
reduction that can be achieved at the output of the feed-forward system. The performance of the system
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for distortion cancellation can be improved with increased coupling ratio of K2, but at the same time 
noise reduction deteriorates and therefore a compromise has to be made between both effects. The 
selection of the coupling ratio for K2 is an important design parameter and is discussed further in 
section 3.3.4.
33.2 Loop cancellation bandwidth
In the signal cancellation loop of the feed-forward, cancellation of carriers takes place. The 
cancellation bandwidth of the fust loop is thus equal to the maximum bandwidth of the input signal or 
carrier spacing. In the second loop, distortion products are cancelled which appear at frequencies 
outside the band and therefore the cancellation bandwidth is larger than the first loop. The cancellation 
bandwidth of the second loop can be defined, as the bandwidth over which significant distortion 
appears and is dependent on the non-linearity of the primary laser Li.
3.3.3 Broadband cancellation
In each of the feed-forward loop, there are two signal paths, one of which is the reference path used to 
compensate for the delay in the laser path. For cancellation at a single frequency equal amplitude and 
180 degrees phase difference is sufficient. However, for broadband cancellation the delays introduced 
in the two paths should also be equal. The delay elements simply consist of microwave delay line and 
are adjusted using a variable phase shifter until a delay match is achieved, that is until the slopes of the 
phase response are equal through the two paths. While coaxial cables are broadband components, delay 
filters have become an increasingly popular method of incorporating delay with operating frequencies 
near 2 GHz. Although delay filters offer low insertion loss and relatively small size compared to 
coaxial cables they are custom specified and hence the manufacturing cost is high. Semi rigid cable can 
also be used for delay matching but its size can be quite large considering minimum bend radius and 
diameter of these cables.
When the two paths are matched then the cancellation is independent of the electrical wavelength 
of the signal and therefore the frequency of the modulating signal. If the delay through the reference 
path is not matched and is too short or too long then the cancellation becomes narrowband. Even with a 
delay mismatch present, it is still possible to achieve high levels of suppression but over a narrow 
bandwidth. A network analyser is used to determine if the delay mismatch is too long or too short. In 
an ideal broadband system, paths with equal amplitude, opposite phase and equal delay would 
completely cancel distortion over an unlimited bandwidth. However, in practice difficulties of 
accurately matching amplitude and phase impose limit on the amount of cancellation possible over a 
finite bandwidth.
Amplitude flatness
Amplitude flatness is very important for accurate cancellation and can be measured as a deviation from
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the constant gain and can be affected by amplitude ripples across the bandwidth of interest. Standing 
waves arising from impedance mismatch and/or imperfect device behaviour cause amplitude ripple. In 
any feed-forward loop, the desired loop suppression determines the required amplitude flatness. A 
compensation network can be used to improve the amplitude flatness so that the overall amplitude 
slope of the feed-forward path is within the specified limit by introducing a slope with the opposite 
gradient. The wider the bandwidth, the harder it is in practice to reduce amplitude and phase ripple to 
within a fraction of a dB necessary to achieve high values of loop suppression. Delay mismatch and 
frequency dependent effects such as amplitude and phase ripple prevent signals from being precisely 
matched over a wide bandwidth and ultimately set the practical limit on the otherwise theoretically 
unrestricted bandwidth of feed-forward operation.
33.4 Component selections
The desirable characteristics for each of the major system components, how they might be achieved 
and what figures are obtainable in practice are discussed. The amount of distortion reduction achieved 
rests mainly on the accuracy of the amplitude and phase matching of the signals. It is important that the 
amplitude characteristic of the primary laser deviate as little as possible from an ideal flat response 
with respect to frequency. This is essential in order to maximise cancellation of the carrier signal in the 
error signal. The amount of delay introduced by laser Li should be minimum as this will determine the 
value of the matching time delay element in the reference path. The larger the value of time delay 
required in the reference path, the physically larger the delay element must be and, more importantly, 
the greater the loss this element will introduce.
The distortion introduced into the system by the secondary laser though this will be small 
compared to that produced by laser Lt can be a limiting factor. This distortion is not compensated for 
and determines the overall circuit performance. This can be minimised by ensuring laser L2 is driven 
by smaller signal levels. Therefore, it is necessary to keep the carrier power input to the secondary 
laser L2 low to reduce the IMD generated. The frequency and phase response of the electrical coupler 
C2 need to be good in order to ensure a high degree of suppression of the main signal energy in the 
error signal.
Imperfect matches between the paths can be caused by electrical and optical reflections. Electrical 
reflections are often caused by impedance mismatch between components in the feed-forward system. 
For example, reflections at the input of the lasers Li and L2 because the input impedance of the lasers is 
not equal to the transmission line characteristic impedance of 50 ohms. To assist in impedance 
matching electrical isolators can be used at the input of these devices.
Optical reflections can influence the laser linearity and increase the non-linear distortion in the 
laser. The reflections may be caused by spliced fibre or by optical connectors. To minimise these 
reflections optical isolators can be used between the laser Li output and the photodiode Dt and between 
the laser and the fibre ends.
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Consideration in choosing the optical coupling ratio
Discussions in the previous sections concentrated on analysing the conditions for the reduction of noise 
and distortion in the feed-forward system. Various design tradeoffs are required in the design and one 
of the major design considerations is the choice for the optical couplers Ki and K2.
The first and most important criterion for choosing Ki and K2 is that enough power must be 
provided at the output of the feed-forward transmitter for power budget. As expected the signal to 
noise ratio (SNR) is improved for the system by coupling more light from laser Li to the output, since 
the signal is modulated almost entirely by this laser Li. However, if too much power is directed to the 
output then this mean that the coupling coefficients of coupler Kj and K2 are small and this will 
increase the noise gain of the feed-forward and the gain required in each loop will increase for 
distortion reduction. As a result, more than two wideband amplifiers may be required to provide high 
gain, thus adding to the cost of the system. It is also important to note that the noise gain of the system 
strongly depends on the coupling of Kj and this will degrade the noise performance of the feed­
forward. Consequently, a large Ki i.e. more power into the signal cancellation loop can in fact reduce 
noise but a significant amount of power will be lost in the coupler as well. The coupling ratio of K2 has 
a strong influence in determining the final performance of the system and must be small. Otherwise 
excessive amount of RIN from laser L2 will be coupled to the output. However, for the carrier 
cancellation loop a high coupling ratio (50%) is required for the optical coupler K! to avoid large 
amplification for the RF amplifier after the photodiode Di. In order to have noise reduction Ki should 
be around 50% so that noise gain can be kept small while enough power is directed to the output of the 
transmitter.
A small coupling ratio for the optical coupler K2 (i.e. 10%) is desired to maximise RIN reduction 
by a feed-forward scheme. On the other hand, in order to maximise the linearisation a large (i.e. 50%) 
coupling ratio for 1^ is preferred. In terms of power budget, it is advantageous to choose Ki to be small 
but then the value of K2 must be large, otherwise the optimum gain will increase. Thus, there exist a 
compromise between the potential of the scheme to reduce non-linear distortion and intensity noise.
3.3.5 Dispersion penalty
Dispersion penalty applies to feed-forward system performance as a result of wavelength separation 
between the two lasers followed by fibre chromatic dispersion and should be taken into account. When 
the optical output of both lasers are combined at the final optical coupler K2 and then transported over 
fibre, the two laser wavelengths being different travel independently. This leads to optical phase 
mismatch between the main signal from the primary laser Li and the correcting signal from the 
secondary laser L2 at the receiver resulting in penalty in the available linearisation or distortion 
reduction. Even if the system is optimised for maximum performance at a given transmission length, 
optical phase error will result when the actual length is different. A dispersion induced timing error 
(At) between the two optical signals can be calculated as in equation (3.47).
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At = D(A) x  AAxL  (3 .4 7 )
where D(X) is the fibre chromatic dispersion coefficient (evaluated at wavelength that is an average 
between the two lasers wavelengths), AX is the wavelength separation between the two lasers and L is 
the difference in length between the actual transmission length and the length for which the system was 
optimised (normally 0 km). This timing error is then converted to a corresponding phase error using 
equation (3.48).
A<p = 27fAt (3.48)
The impact of optical phase error on the reduction of non-linear distortion is then evaluated using 
equation (3.36). For example, a 40 dB cancellation requires a phase balance of 0.5° and an amplitude 
match well than 0.05 dB. It can be assumed that the amplitude is matched at 0.05 dB and it is the phase 
that is changed caused by fibre dispersion. Figure 3.4 shows the linearisation at different fibre length, 
of a system optimised for transmission through 0 km (practically a few meters) of fibre. In this analysis 
it is assumed that the wavelength separation is 3.2 nm between the two lasers and that the fibre 
chromatic dispersion coefficient is 17 ps/nm.km. These values are taken from the experimental system, 
described later in this chapter. It can be seen that dispersion penalty is more severe for high frequency 
signals such as 5.2 GHz as opposed to 2.4 GHz. This is due to the fact that a given dispersion induced 
timing error, translates to larger phase mismatch at higher frequency signals. Figure 3.4 also show the 
available linearisation as a function of wavelength separation reduced to 0.5 nm between the two 
lasers. A large improvement in distortion reduction performance can be achieved using narrow 
wavelength separation between the two lasers.
It is important to mention that dispersion penalty can be completely avoided if the system is 
designed for one given transmission length. Also, to minimise dispersion penalties, sources with
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Figure 3.4 Feed-forward distortion reduction with dispersion penalty
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similar wavelengths should be used by slightly changing the delay in one of the signal path in feed­
forward. It should be noted that the two lasers should not be identical and are required to have slightly 
different wavelengths, so that they do not interfere to avoid optical beating. Wavelength separation of 
the two lasers > 0.5 nm assures no optical beating distortion will affect the system with a bandwidth of 
few GHz and this also takes into account the allowance for accuracy of wavelength tracking with 
temperature.
A feed-forward circuit is proposed in [9] which overcomes the dispersion limitations using 
adaptive phase tuning. However, the proposed feed-forward linearised transmitter needs to well know 
the accurate transmission distance and fibre dispersion after setting up the transmission link. The 
vector modulator compensates distortion using phase adjustment by voltage and is controlled by a 
microcontroller. The realisation of this system seems to be difficult for practical applications. Also it is 
required that the vector modulator has a large phase range [1 0 ].
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3.4 Adaptive Feed-forward Linearisation
Although feed-forward allows operation over a theoretically unrestricted bandwidth the amplitude and 
phase matching characteristics are critical to the system performance and it is necessary to ensure these 
requirements can be maintained over broad bandwidth with time. Even if the signal and the distortion 
cancellation loop are optimised, they are likely to drift due to temperature variation or change in laser 
characteristics leading to mismatch. To overcome these issues adaptive techniques are considered so 
that the amplitude and phase is continuously adjusted to achieve the best cancellation [11]. To allow 
the system to monitor its own performance and then perform the necessary correction requires some 
form of feedback system around the feed-forward loops. Since feed-forward has two loops, therefore 
two separate feedback loops are required: one to correct for the amplitude/phase mismatch in the first 
loop (carrier cancellation loop) to minimise the carrier signal, and the second to correct for the 
amplitude/phase mismatch in the distortion cancellation loop to minimise the amount of distortion 
present in the final output. The intention here is to give a brief overview of some of the techniques.
Figure 3.5 shows the general principle of loop control whereby information on a loop balance is 
acquired and fed back to control the gain and phase of the loop. The control of the amplitude and phase 
can be achieved with variable phase shifters and attenuators or with vector modulators. It is first 
necessary to obtain information on how well a particular loop is balanced and then feed back the 
information in order to adjust the gain and phase until the required loop suppression is achieved. Thus 
with automatic control, the loops are continuously monitored and the required output linearity is 
maintained. Both digital and/or analogue techniques can be used for loop control. Due to differences in 
the nature of the cancellation signal, however (in one case carriers and in the other distortion), different 
control techniques are required in the first and the second loop. For example, acquiring accurate 
information on loop balance can be difficult in the distortion cancellation loop since the reduction of 
distortion products takes place at the receiver. The phase of the signals is affected by fibre dispersion
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as a function of wavelength difference and this can further complicate the loop design. However, this 
limitation can be overcome using vector control theory proposed in [9] or using two lasers with narrow 
wavelength spacing to minimise dispersion effects. A vector control circuit is employed which 
compensates the distortion regardless of dispersion or distance. After transmission of signals over 
fibre, amplitude mismatch can be ignored because of same attenuation coefficient on the fibre, hence 
only the phase is of concern.
The compensation circuit for gain and phase adjustment shown in Figure 3.5 could appear in a 
number of different locations around the two loops of feed-forward system. One point to consider is 
the linearity of these components, since any distortion generated will appear at the output. For 
example, in the signal cancellation loop the adjustment components could be placed in the reference 
path or either before or after the primary laser Li. If they are placed in the time delay path then their 
distortion will appear in the error signal and amplified by the error amplifier. If however, they are 
placed before the primary laser Lb then their distortion will appear as part of the laser, and it will be 
corrected as such at the final output. For this reason a position prior to the primary laser is usually 
considered to be optimum for these components. In the case of the distortion cancellation loop, if the 
adjustment components are placed before the amplifier then the distortion from these components will 
be amplified by the error amplifier and appear directly in the output signal. However, this is mainly 
dependent on the amount of distortion generated by the amplitude/phase compensation circuit. It is also 
important to note that if the adjustment circuit is placed after the error amplifier A2 then the input 
signal to these devices is of large magnitude and they may generate excessive distortion.
3.4.1 Adaptive nulling
The automatic correction systems rely upon adaptive nulling of the unwanted signals at the various 
stages through the system. In the carrier cancellation loop, the error signal at the output of the electrical 
coupler consists of intermodulation products from the primary laser and the suppressed carriers. Unless 
the loop suppression exceeds the intermodulation performance, residual carrier power is the dominant 
contribution to the error signal. Thus, if the level of residual power could be detected, then it could be 
used as a control parameter for the first loop, that is, the amplitude and phase are varied until the error 
becomes minimum. The function of the distortion cancellation loop is to cancel the distortion products 
at the receiver and hence it is the distortion components of the final output signal, which must be 
monitored and minimised in this case. Figure 3.6 shows a possible implementation of this type of 
control scheme [6 ].
Energy minimisation
A simple method of assessing the level of the tones within the error signal is simply to detect the 
overall energy of the signal. In general, the level of the distortion products is small relative to the 
wanted signals, and thus the wanted signal energy will dominate. Thus a system can be designed in
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which the overall energy of the error signal is minimised by automatic adjustment of the gain and 
phase components using voltage control. The use of energy minimisation in both parts of a feed­
forward correction loop is illustrated in Figure 3.6. The detector could be any form of broadband 
energy detector, a simple example being an envelope detector used to generate a dc output signal that is 
proportional to the level of RF input power. This approach may well be all that is required for the error 
signal in some systems, as large amounts of rejection of the remaining input signal energy below the 
level of the intermodulation products is not usually required.
Digital techniques can also be used [12] where the output of the analog-to-digital converter (ADC)
Optical Feed-forward Transmitter Receiver
D3
KI K2
Fibre delay Transmission
fibre
Control
network
DI
Detector
A2
1 Delay
D2C2
Delay
Control
networkD etec to r ► *—  Detector
Figure 3.6 Adaptive feed-forward using energy minimisation technique
is used together with some form of algorithm to control the amplitude and phase (e.g. PIN diodes P- 
type, intrinsic, N-type) until the detected power becomes a minimum. In its simplest form, the 
algorithm simply compares the current and previous values of detected power and then changes the 
amplitude or phase to see if the detected power increases or decreases. If the power decreases, then the 
direction of change in amplitude and phase is maintained, alternatively, if the power increases, the 
direction of change in amplitude and phase is reversed [7]. The algorithm then continues, ensuring that 
loop balance is maintained over changes in primary laser output and temperature. In order to increase 
the speed with which the algorithm converges to the gain and phase settings for minimum power, more 
complex search algorithms can be used. There are however a number of practical issues which need to 
be considered when using such control schemes. For example, the dynamic range of the power 
detector, the resolution of the digital-to-analog converter (DAC), the speed of convergence are 
important factors in determining the overall performance. A digital signal processing (DSP) controlled 
adaptive feed-forward amplifier is demonstrated in [13].
In the case of the distortion cancellation loop, two detectors are required. An output detector is 
required to ascertain the level of the signal plus distortion present at the output and an input detector is
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necessary to provide an accurate indication of the input power level, and more importantly, any 
changes in that level (e.g. due to power control variations). Whilst it would be possible to utilise an 
output detector alone, the extremely long time constant required in the detector (due to extremely small 
changes in output level resulting from distortion level changes) mean that it could easily be fooled by 
even small changes in input (and hence output) level. Utilising this technique for the distortion 
cancellation loop is usually unsatisfactory for these reasons. The wanted signal energy present at the 
output will be very large with respect to the remaining distortion and any changes in this distortion 
level will thus have an almost negligible effect on the output signal energy. As a result the problem of 
detecting these small changes in energy becomes almost impossible and an alternative solution is 
required.
Adaptive techniques have been used for the design of a microwave feed-forward amplifier. Song 
et al [14], proposed an adaptive method with analogue controller for CDMA signals whereby a sample 
of the reference signal (containing only carriers) is correlated with the error signal (containing 
distortion plus carriers). This approach requires automatic level controller, magnitude comparator and 
phase comparators together with adjustable amplitude and phase shifters.
Coherent detection
A solution to the problem inherent in broadband energy detection systems is to employ some form of 
coherent detection or correlation process instead [6 ]. Figure 3.7 shows an example of this control 
scheme. In the case of the carrier cancellation loop a sample of the original input reference signal 
(containing only carriers) is correlated with the error signal (containing distortion plus carriers) to 
generate a suitable feedback signal. This information is fed back to the gain and phase control 
components, and loop balance is obtained when the reference signal is uncorrelated with the error
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signal (now containing only distortion). The distortion cancellation loop correlation process utilises the 
final output signal and the error signal and this process assumes that the rejection of the carrier signal 
components from the error signal is very good. It is necessary to ensure good rejection of the carrier 
signal components in order to subsequently ensure that the result of the correlation process is 
influenced only by the distortion components and not by the wanted signal. The advantage of this type 
of control scheme is that it can compensate for rapid changes.
3.4.2 Pilot signal (Carrier injection)
In feed-forward the distortion cancellation loop which cancels distortion is different to the carrier 
cancellation loop which cancels carriers. The information on how well the loop is balanced is in the 
distortion rather than the carriers. Since the relative levels of carrier power and distortion power is 
typically large it is more difficult to detect the distortion. One solution to the problem of detecting low 
level output distortion is to use a special pilot signal, which is suppressed in the same way as distortion 
in the distortion cancellation loop. If the pilot signal is suppressed, then the distortion generated from 
the main laser is also suppressed.
One possible implementation of this is shown in Figure 3.8. The pilot signal (additional carrier) is 
injected into the feed-forward circuit prior to the primary laser Li to simulate the distortion generated 
and then detected at the output using the original pilot as a reference. The injected carrier output from 
laser Li will pass to the output coupler K2 via the optical delay in the usual manner. A sample of the 
carrier will also be present in the error signal and will be amplified by the error amplifier A2 before 
modulating laser and then being fed to the output coupler K2 in antiphase. The amplitude of the pilot 
signal is sampled at the final coupler K2. If the distortion compensation loop is adjusted correctly, then 
the injected signal will be cancelled at the final output, and hence the compensation circuitry must aim
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to minimise this level in the output signal [15]. This can be achieved by the use of a narrowband 
receiver tuned to the injected carrier frequency and hence receiving the residual carrier level. Some 
form of intelligent controller can then monitor the output of the narrow band receiver and adjust the 
gain and phase components to minimise the residual carrier level and hence the output distortion is 
minimised. Myer [6] has patented an example of this type of pilot scheme. The intelligent controller in 
this case is provided by decreasing step size algorithm; although a microprocessor or digital signal 
processor could be used to provide a similar function.
There are a number of disadvantages with this technique. The injected carrier will be within the 
system bandwidth and can intermodulate with the wanted signals in the primary laser Li and create 
additional intermodulation products. Although, these should be eliminated from the final output of 
feed-forward, they are amplified by the error amplifier, modulate laser L2 and may cause further 
distortion. Therefore, the level of the pilot signal is usually significantly less, typically 10 dB or 20 dB, 
than the level of the main input signal. Also this approach does not help in any way with the 
elimination of the carrier signals form the carrier cancellation loop and a different form of control must 
be used for this loop. This technique has been used in linearisation of RF amplifiers [15].
3.4.3 Feed-forward loop control using look up tables
An alternative technique, which does not require any direct knowledge of the loop balance, is the look 
up table [7]. If the response of a laser is well characterised such that the value of amplitude and phase 
give good loop suppression then these values can be tabulated as a function of certain control 
parameters and a control loop can be implemented (For example, the temperature can be used as a 
control parameter). Detectors can be used to determine the current condition and the corresponding 
amplitude and phase data are then read from a look up table and applied to gain and phase control 
networks. The data collected from production calibrations is stored in a micro-controller and the 
detectors check at regular intervals to see if new control signals for the amplitude and phase networks 
are required. A look up table method for temperature correction has been utilised for a feed-forward 
power amplifier to reduce IMD [7]. Look up tables have the advantage that no knowledge of the loop 
balance is required. The disadvantage of this approach is the time it takes to fully characterise a device 
is very time consuming and therefore expensive. Look up tables do, however, provide a relatively 
simple and potentially very effective method of loop control, which can be applied to both carrier and 
distortion cancellation loops.
3.4.4 Variable gain and phase compensation
The control of amplitude and phase to allow continuous fine tuning to constantly re-optimise 
performance is important in a feed-forward system. Both gain and phase control components (or 
combined circuits) have a number of desirable characteristics for use in feed-forward system, in 
addition to their individual requirements. The most important being the distortion generated by these
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components must be minimum. This is particularly necessary if either or both components are 
employed in the reference path, but is still necessary to some extent wherever they are placed.
PIN diodes are commonly used in the design of attenuators. It is a semiconductor diode in which a 
high resistivity intrinsic I region is between the P type and N type regions. When the diode is forward 
biased, the charges are injected in the I region. The attenuation is controlled through the forward bias 
current, as the PIN diode is a current controlled device and its RF resistance value is set by the forward 
bias current. Since PIN diodes are non-linear devices they generate harmonic and intermodulation 
products to some degree. An alternative option for a simple and cost effective solution is to utilise a 
variable gain amplifier thus saving one element of the system to compensate for amplitude mismatch. 
Changing the dc voltage on the amplifier control pin allow the gain to be adjusted. However, the phase 
of the amplifier can change significantly as the gain is varied and this must be taken into account. A 
variable phase shift element can be employed utilising a varactor (or varicap) diode [16]. The diodes 
employed should be of the same type and appropriate for the frequency of operation of the phase 
shifter.
The use of PIN or varactor diodes introduce non-linear elements into the system and care must be 
taken to ensure that their use does not degrade the overall linearity performance. The components can 
suffer from a significant insertion loss, particularly when used at higher frequencies, and the cascade of 
the two elements (to provide both gain and phase control) can increase the gain requirement. Flat gain 
and linear phase response with frequency is important so that these components do not degrade the 
cancellation performance due to amplitude ripple or poor phase. Achieving a linear phase response is 
often more difficult particularly over a wide bandwidth. It is also important that the interaction between 
the gain and phase controllers is kept to a minimum.
3.4.5 Vector modulator
Using separate gain and phase control elements can introduce problems when they are employed 
directly one after another in cascade. The matching provided by one element will have an effect on the 
other and may cause its characteristics to change. For example, a variable attenuator will introduce a 
small phase change across its attenuation range. Likewise, a variable phase shift will introduce a small 
(typically < 1 dB) gain variation across its phase shift range. Although the changes will typically be 
small it can degrade the overall cancellation of the feed-forward system. An alternative is a vector 
modulator which has the ability to control both the amplitude and phase of the signal simultaneously.
Vector modulators are often used instead of discrete variable attenuators/phase shifter 
combinations. Although both approaches are used to vary the phase and amplitude of signals in the 
cancellation loop of a feed-forward, the vector modulator method is inherently faster, providing direct, 
access to the full 360 degree phase change. However, the loss in a vector modulator is likely to be 
greater than that possible with separate variable gain and phase components.
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The RF input to the vector modulator is first split into two equal outputs with a 90 degrees phase 
difference between them. The in phase or 0 degrees channel is designated the I channel and the 
quadrature or 90 degrees channel is designated the Q channel. These two signals are applied to two 
power splitters that have PIN diodes and varactor diodes connected to them and form attenuator and 
phase shifter. The output from the phase shifter/attenuator are then combined in phase by another 
power combiner. The term IQ represent that the user can control both the in phase and quadrature 
phase components of the output signal. By controlling the relative amount of I and Q signal 
components that are summed continuous magnitude and phase control of the input signal is possible. A 
feed-forward amplifier has been developed for 5.725 to 5.850 GHz band for base station applications 
using a vector modulator for phase and attenuation control [17]. The AD8341 (Analog Devices) vector 
modulator can operate over a frequency range from 1.5 GHz to 2.4 GHz with gain and phase flatness 
less than 0.2 dB and 0.5 degree respectively [18]. The amplitude can be controlled from a maximum of 
0 dB to less then -30 dB and the phase can be shifted continuously over the entire 360 degree range. 
This approach can provide significant cost and space savings over discrete, diode based amplitude and 
phase shifters. Simultaneous control of both gain and phase products simplify system implementation 
compared to discrete solutions.
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3.5 Experimental Arrangement of Feed-forward
This section presents the experimental arrangement of feed-forward linearisation for a directly 
modulated semiconductor laser and describes the tuning and testing of the system. Characteristic 
response of the two lasers used in feed-forward is first discussed and then the loop setup at 5 GHz to 
monitor the system performance.
3.5.1 C haracteristic  response of the lasers
The two lasers used in feed-forward are commercially available fibre pigtailed DFB laser diodes with 
multiple quantum well structure and high temperature operation without active cooling. These lasers 
are first characterised by investigating the effect of bias current on the output power of the laser and the 
modulation response. A method for measuring the modulation response to estimate the bandwidth and 
the relaxation oscillation of a directly modulated laser is first discussed. As the dc bias of the laser is 
increased, the bandwidth is also increased, due to the relaxation oscillation characteristics that vary 
with bias. The response tends to peak before rolling off and this is the region of relaxation oscillation. 
Figure 3.9 shows the experimental arrangement for characterising the modulation response of the two 
lasers used in the feed-forward scheme. The bias current (Ibias) was applied to the laser using a bias T 
and is initially set to 20 mA. A network analyser (Hewlett Packard 8753D) was used to provide RF
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modulating signal to the laser via port 1 for frequency range 0-6 GHz with 0 dBm power. The S2i of 
the network analyser was first calibrated by connecting port 1 directly to port 2 taking into account any 
cable loss. The laser is then connected and modulated by signal from port 1 of the network analyser 
and sweeps through 100 MHz to 6 GHz. The optical output power of the laser was directly detected 
using a discovery semiconductor DSC30S 18 GHz photo-detector and connected to port 2. This setup 
measures the frequency response of the laser and the photo-detector but from the manufacturer’s data, 
the photo-detector has a -3dB bandwidth of 18 GHz, and the frequency response is flat within 0-9 
GHz. Hence the measurement is a good representation of the laser modulation response. The frequency 
response obtained for both lasers used in feed-forward system with varying bias current is shown in 
Figure 3.10. The resonance frequency is about 4 GHz for both lasers at 20 mA bias current.
The resonant peak at 4 GHz is about 7 dB above the low frequency response for Laser 1 at a low 
bias current (20 mA). When the bias current is increased the bandwidth is improved and the amplitude 
of the resonant peak is reduced. Further increase in bias current produce a flat frequency response with 
higher bandwidth. It can also be observed that the modulation response of Laser 2 is reasonably flat up 
to approximately 6 GHz and is better then Laser 1 due to improved connection between the laser input 
and the RF SMA connector. Laser 1 is the primary laser used in the feed-forward that is to be 
linearised. Since the network analyser is limited to 6 GHz, the modulation frequency response beyond 
6 GHz was measured using a Rhode and Schwarz SMP04 signal source and a HP 74000 lightwave 
spectrum analyser (LSA) shown in Figure 3.11 with bias current set to 40 mA. It can be clearly seen 
that beyond 6 GHz the response starts to fall for both lasers.
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Improved laser modulation response
The input resistance of the laser was measured to be around 5 Q much less than the matching 
impedance (50 Q) and contributes to impedance mismatch. Since laser impedance is low, when 
connected to a conventional 50 Q. source most of the incident RF power will be reflected back towards
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the generators. The reflected pow er is referred to as the return loss (S n ). A  43  Cl surface m ount resistor 
w as added in series with the laser RF connector to im prove im pedance m atching. It is p ossib le to 
match the laser to a 50  Cl source in narrow band applications at low  frequencies. In broadband 
applications m atching becom es d ifficu lt esp ecia lly  at high frequency and hence the am plitude flatness 
o f  the m odulation response is affected due to the standing w aves arising (the sum  o f  incident and 
reflected vo ltages) from laser im pedance m ism atch causing frequency dependent am plitude ripple. 
Since feed-forward technique is dependent on cancelling tw o signals o f  equal am plitudes with 180 
degrees phase d ifference, variations in am plitude flatness due to reflections can cau se im perfect 
cancellation o f  distortion and the level o f  suppression is affected. A ny am plitude ripple is clearly  
undesirable when cancellation  requires signal am plitude be m atched to within a fraction o f  a dB. The 
S ii parameters o f  the tw o lasers were m easured and are show n in Figure 3.12.
A lthough resistors have been used to match the laser input to a 50  Q  system , m atching only occurs
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for low  frequencies. At high frequencies in the G H z range im pedance m ism atch b ecom es w orse and 
reactive com ponents such as inductors and capacitors should be used since the characteristics o f  these 
d ev ices vary with frequency. H ow ever, these elem ents can reduce the m odulation bandwidth o f  the 
laser due to reactive losses. T o further im prove m atching m icrow ave isolators (2-8 G H z) w ere used 
with at least 20  dB isolation and the S n  are show n in Figure 3.12 . T his im plies that RF signals 
reflected from  the laser are attenuated by at least 20 dB and result in im proved m odulation response 
due to reduced reflections show n in Figure 3 .13 . A m plitude ripples can be observed for the m odulation  
response in Figure 3 .10  due to RF reflections but not in Figure 3.13. The ripples are rem oved because  
the reflection caused by unm atched im pedance is reduced using RF isolators.
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Figure 3.13 Improved modulation response using 2-8 GHz microwave isolators to minimise RF reflections (LI 
left and L2 right)
Feed-forw ard laser wavelengths
The feed-forward system  uses tw o optical sources. The light from  the primary source and the 
secondary laser have slightly  different w avelengths and beat n oise may be induced due to m ixing o f  the 
tw o w avelengths. Therefore care m ust be taken to separate the w avelengths. H ow ever, i f  w avelength  
separation between the tw o lasers is large then dispersion w ould  have a greater effect on the overall 
distortion cancellation. A s m entioned  earlier in section 3 .3 .5  the tw o w avelengths should be relatively  
c lo se  to m inim ise dispersion penalty but su fficien tly  separated to avoid  beating. T he w avelengths for 
the tw o lasers were m easured with varying bias current and the results are show n in Figure 3.14. The 
sidem ode suppression ratio (S M S R ) is >  45 dB for both lasers and the w avelength  separation between  
the tw o lasers is 3 .2  nm at a bias current o f  4 0  m A.
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Figure 3.14 W avelengths o f the two lasers used in feed-forward. Left plot is for Laser 1 and the right plot for 
Laser 2
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3.5.2 Experimental arrangements
The experim ental setup o f  feed-forw ard system  is shown in Figure 3 .15. The threshold currents are 11 
and 12 m A for laser L! and laser L2 respectively. At a bias current o f  4 0  m A the 3 dB bandwidth o f  
both lasers is sufficient for experim ent at 5 GHz. Laser Li w avelength  is at 1529 .6  nm, w ith a mean  
optical output pow er o f  2 mW  (3 dBm ) at 4 0  m A bias current operating under u ncooled  conditions. 
Laser L2 is o f  the sam e type as Laser 1 but operating at 1532.8 nm. C onsiderable im pedance m ism atch  
occurs at the con nections o f  the pow er splitter Ci and the primary laser Lj, and also  betw een  am plifier  
A 2 and the secondary laser L2. In addition to the basic com ponents, RF isolators are included to reduce 
electrical reflections. T hese reflections m ust be kept to a m inim um  to ach ieve optim um  perform ance o f  
the feed-forward system . A lthough the addition o f  fixed  attenuators is e ffec tiv e  in reducing reflections, 
these a lso  cause som e loss o f  signal and hence require additional am plifiers for extra gain.
The photo-detector D i used in the setup w as a D SC 30S  18 G H z low  distortion InG aAs PIN  
photodiode. The am plifiers A \  and A 2 are a pair o f  M iteq 8 G H z RF variable gain am plifiers with a 
n oise figure o f  1.8 dB. A ll com ponents are selected  to have a flat m agnitude response and a linear 
phase response within their operating bandwidths to ach ieve large reduction o f  distortion.
The experim ental system  is d esign ed  to dem onstrate sim ultaneous reduction o f  distortion and 
noise. The criteria for sim ultaneous reduction o f  noise and distortion is described in S ection  3 .2  and 
based on these criteria, the optical coupler Ki is chosen  to have a large coupling ratio (50%  in this 
case) so  that the noise is reduced and loss in the main signal to be kept to a m inim um . A  cou p lin g  ratio 
o f  10% was selected  for coupler K 2 so  that only a sm all am ount o f  intensity n o ise from  laser L2 is 
coupled  to the output o f  feed-forw ard system . The optical and electrical com ponents used in the 
im plem entation o f  the feed-forw ard system  are listed in Table 3.1. The feed-forw ard cou ld  be enabled  
or disabled by sim ply con n ectin g  or d isconnecting Laser 2 output from  the optical coupler K 2.
Optical Feed-Forward Linearised Transmitter
Fibre delay
Coupler (KI)
Laser (LI)
Coupler (K2) Output
PS1
Input 50/50 10/90
(L2)(DI)
Splitter (C l)
Sign al
can cella tio n
loop
(A2)
7 3
Electrical
Delay
Electrical delay & PS2
Figure 3.15 Overall feed-forward experimental arrangement
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Component Label Model number Description
Laser L, Lum inent OIC
C W D M  uncooled  2 mW  
laser
Laser U Lum inent OIC C W D M  uncooled  2 mW  laser
Photo-detector D ,
D iscovery
sem iconductors
D SC 30S
18 G H z PIN photodiode,
O ptical coupler K,
General Photonics 
N T C -15-50-F C /A P C
1550nm , C oupling ratio 
50:50 , F C /A PC  2x2  ports
Optical coupler k 2 General Photonics N T C -15-10-F C /A P C
1550nm , C oupling ratio 
90:10 , FC /A PC  2x2  ports
Pow er splitter c ,
M ini-Circuits
Z FSC -2-10G 2 -10  G H z pow er splitter
Pow er com biner C 2
Krytar
4 0 2 0 1 2 4
1-12.4  G H z 180 degrees 
hybrid coupler
A m plifiers A , A 2
M iteq  
A  V G 4 -0 0 100800-18
0 .1 -8  G H z, Gain 32  dB, 
N o ise  Figure 1.8 dB
M icrow ave isolators I1.I2
Sonom a Scientific  
E 2X B 2
2-8 G H z Isolator, 20  dB 
isolation
Phase shifters PS,, P S 2 A R R A  9428A
V ariable phase shifter 
0 -18  G H z
Table 3.1 List o f com ponents used in feed-forward experimental setup
Figure 3.16 Overall feed-forward experimental arrangement in a case
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3.5.3 Loop setup
T o determ ine perform ance o f  the optical feed-forw ard system , it is con ven ient to em p loy  sin gle and 
tw o tone m easurem ents. The level o f  second  harm onic distortion can be sign ifican t due to non-linearity  
o f  a directly m odulated sem iconductor laser and third order IM D is im portant in m ulti-channel 
system s. A lthough distortion m easurem ents can be done the perform ance over a w ide bandwidth  
cannot be observed in real tim e. A lso  as m entioned previously the perform ance o f  the feed-forw ard  
system  is dependent on tuning o f  the tw o phase shifters PSi and PS2, and the gain o f  am plifiers A i and 
A 2. A djusting the am plifier gain a llow  am plitude m atching and phase m atching is ach ieved  by tuning  
the m icrow ave phase shifters. B ecau se the effects o f  these tuning parameters are inter-related, in order 
to fine tune the w hole system , it is necessary to first tune the signal cancellation  loop  and then the 
distortion cancellation loop to form  a com p lete system . Therefore, m easurem ent perform ance o f  these 
loops were carried out using a network analyser to estim ate the degree o f  balance m aintained in the 
loops over a desired bandwidth and optim ised  for m axim um  cancellation . T o  ensure operation over a 
w ide bandwidth, the length o f  the paths are exactly  matched using delay lines. T h is ensures that the 
phase o f  the signals arriving at the cancellation  points are exactly m atched and independent o f  the 
frequency o f  m odulation.
C arrie r cancellation loop perform ance
Electrical am plitude m atching requires the am plitude o f  the reference and sam pled (m easured after 
photo-detector 1) signals to be equal. Electrical phase match requires the group delay o f  the reference 
and sam pled signals to be equal. T o  ach ieve phase m atching it is essential that all com ponents have 
good phase linearity over the required bandwidth. If the tw o paths in the inner loop  have the sam e 
frequency response then a com p lete cancellation o f  the fundam ental signal should be obtained at the 
output o f  the hybrid coupler C 2. Figure 3 .17 show s the experim ental setup for carrier cancellation  loop  
m easurement. Frequency response o f  the loop w as m easured using a H ew lett Packard 8 7 5 3 D  network  
analyser with the reference path connected  and disconnected. The sam pled signal sh ow s a relatively
Laser (LI)
Coupler (K I)
PSIInpul
(Dl)
Splitter (Cl)
(AI)
Port 1
8753D Network Analyzer 
30 kHz -  6 GHz
Port 2
Figure 3.17 Experimental setup for carrier cancellation loop performance
Chapter 3: Feed-forward Linearisation: Theory and Experimental Results 125
flat amplitude response over the bandwidth of 2-6 GHz. The reference signal is passed through a length 
of semi-rigid RG402 cable to compensate for the signal delay in the optical sampling loop.
With accurate adjustment of the time delay and amplifier gain, maximum cancellation of the 
fundamental signal over the bandwidth can be obtained. It was assumed that the laser is non-linear but 
the photodiode and the associated amplifiers are perfectly linear. An electro-optical component of this 
branch must have a flat frequency response and a linear phase versus frequency response over the band 
in which feed-forward linearisation is to be used; otherwise, the optical branch cannot be duplicated by 
an equivalent parallel electrical branch with frequency independent delay and attenuation. The direct 
path provides the reference signal in the correct magnitude and phase so that when combined with the 
output of the laser path the signal parts of the two paths are cancelled. The signals arrive at the power 
combiner C2 with equal amplitude and phase. The output of the power combiner consists, in principle, 
only the inverted phase distortion products associated with the non-linearity of the laser. In practice 
there will also be residuals from a less than perfect cancellation of the fundamental signals. The 
cancellation will be broadband to the extent that the frequency dependent gains and phase shifts of the 
two parallel branches are identical. The two branches can be checked for similarity of phase/magnitude 
characteristics by substituting a network analyser at the output of the first combiner.
To match the gains of the two paths, the magnitude response of the individual paths are first 
measured using the network analyser. The difference in the gain of the paths is noted and appropriate 
attenuators are added. Fine tuning of amplitude to achieve maximum matching was obtained by 
adjusting the gain of amplifier Ai. This was done by slightly changing the control voltage of the 
amplifier. Matching the time delay on the other hand, requires more attention. The lengths of the paths 
were measured using the electrical delay facility on the network analyser. The principle is to use the 
time delay of the electrical cable, in the direct path to match the total time delay caused by optical 
fibres and the electrical cables in the laser path. Since high frequency signals are attenuated more than 
low frequency signals in the electrical cable, this leads to a phenomenon known as rolloff mainly 
affected by the length of RF cables resulting in amplitude mismatch between the sampled and the 
reference signal.
One problem is that the delay caused by the laser, the photo-detector and their fibre pigtails is 
about 23 ns. To match such a long time delay, about 5 meters of electrical cable is needed. Normal 
coaxial cable of this length has about 4 dB attenuation at 5 GHz and such attenuation is unacceptable in 
the feed-forward system. To reduce this problem, it was necessary to minimise electrical path length in 
the reference signal path. This however, requires shortening of the optical fibre in the sampled signals. 
As a result the fibre lengths of the pigtailed component were cut short as possible. This could not be 
fully achieved in the experimental setup since, lasers and photodiodes are equipped with a single mode 
fibre and the approximate length of this arrangement was about 2 m. 15 cm patch cords were used at 
the input and output of the optical coupler to allow convenient mechanical splicing. Due to these 
reasons the length of electrical delay in the reference path could not be reduced to less then 2.3 metres.
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A 12 ns low  loss sem i rigid cable (R G 402) d elay  line is used to reduce the delay d ifferen ce between  
the tw o  paths. W ith this sem i rigid cab le d elay , the electrical tim e d ifference o f  the paths is reduced. 
H ow ever as m entioned before, these path lengths still need to be absolutely  m atched to achieve  
m axim um  perform ance. This w as ach ieved  by putting in appropriate length o f  coaxia l cable in the 
shorter o f  the tw o paths. A variable phase shifter PSI with a fine tuning range is then used to exactly  
match the tim e delay d ifference.
If the tim e delays o f  the tw o paths are not m atched then the carrier rejection ratio d ips sharply at 
various frequencies as a result o f  the tim e delay m ism atch. The tim e d ifference o f  the laser and direct 
path is equal to the inverse o f  the frequency d ifference betw een tw o con secu tive  dips. From this 
inform ation the tim e delay d ifference can be calculated. If the dips are at 9 2 0  M H z apart, this m eans 
the tim e d ifference is about 1.09 ns. W ith the tim e d ifference o f  the tw o paths know n, a p iece o f  
coaxial cable o f  appropriate tim e delay is put in the shorter path to reduce the m ism atch. Phase shifters 
and gain o f  am plifiers are fine tuned so  that m agnitude m ism atch and phase m ism atch o f  the paths are 
m inim ised.
Another issue o f  great im portance w as found to be m atching betw een different com ponents in the 
setup. R eflections betw een unm atched com ponents cause a significant am plitude ripple and severely  
affect the perform ance o f  the feed-forw ard system . T o dem onstrate the effects o f  electrical reflections, 
responses w ere m easured w ith and w ithout m icrow ave isolators. The gain and tim e delay o f  the carrier 
cancellation  loop is adjusted to account for the rem oval o f  the isolator. The carrier rejection ratio 
fluctuates and is severely  degraded. H ence to ach ieve good carrier cancellation, electrical reflections  
must be kept low . T o im prove m atching electrical isolators between unm atched com ponents can be 
inserted. In this w ay the m agnitude o f  the reflected  w ave is reduced and a sm oother am plitude response 
is obtained.
After optim ising the param eters the loop  is again tested and the results for carrier cancellation  are 
show n in Figure 3 .18  together with frequency response for the direct and laser path over the frequency
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Figure 3.18 Carrier cancellation loop at 5.2 GHz, (left plot) amplitude matching and (right plot) phase matching
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range from  0 -6  GH z. It can be observed the am plitude is best m atched in the 5 G H z frequency range. A  
carrier suppression o f  about 30 dB has been obtained over 400  M H z bandwidth centred at 5 .2  GHz. 
This result was obtained when the phase and gain in the loop were adjusted for the best perform ance. A  
w ider bandwidth can be obtained but w ith reduced am ount o f  cancellation  and a com p rom ise has to be 
made b etw een  the am ount o f  suppression and the desired bandwidth. T he phase m atching achieved  
was optim ised  in the 5 G H z region and is a lso  show n in Figure 3 .18. Linear phase in the am plifier and 
laser is important for m axim um  carrier suppression. The carrier cancellation  is lim ited by the 
frequency response o f  laser L, and by the flatness o f  the gain response o f  the am plifier Aj. An  
increasing phase error at low  frequency range (<  2  G H z) can be seen. T his is due to the pow er splitter 
Ci and RF isolator w hich  have a low er end frequency o f  2 GH z. T he perform ance o f  the carrier 
cancellation  loop is thus presented by the am ount o f  the original input electrical signal b eing cancelled. 
The amount o f  cancellation  is m easured by com paring the frequency response o f  the loop using a 
network analyser with the reference path connected  and disconnected . W ith accurate adjustment o f  
tim e delay and am plifier gain , m axim um  rejection o f  the fundam ental signal over a bandwidth can be 
obtained.
D istortion cancellation loop perform ance
T o evaluate the perform ance o f  the distortion cancellation  loop, m easurem ents w ere a lso  carried out 
using the network analyser. T he setup for testing the error cancellation  loop is show n in Figure 3.19. 
O ptical am plitude match requires the am plitudes o f  the main and correcting signal to be equal. W hile  
the main signal is optical and sh ow s a flat response over frequency, the correcting signal path contains 
electrical and RF com ponents, w hich  may lead to a large am plitude roll-off. O ptical phase match  
requires the group delay o f  the main and correcting signals to be equal.
In the distortion cancellation  loop  the network analyser cannot be used directly to elim inate delay  
in the branches because the tw o  branches carry different signal. H ow ever, i f  the electrical reference
Laser (LI) Fibre delay
Coupler (Kl I Coupler (K2) Output
Input
<L2)SO £2 termination (Dl)
(AI) (A2)
Electrical delay & PS2
8753D  N etw ork A nalyzer 
30 kH z -  6 G Hz
Port 1 Port 2
Figure 3.19 Experimental setup for distortion cancellation loop performance
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signal to the second combiner C2 is temporarily removed then the cancellation in the distortion loop 
can be observed on a network analyser. A 50 ohm termination is connected to the output of the splitter 
Q  and input of the combiner C2 to ensure proper matching. In this way entire modulation signal of the 
primary laser L] propagates through the laser path, which then modulates the secondary laser L2. The 
modulation signal is then interpreted as an error signal. The optical output of laser L2 is thus the 
inverted form of the signal from laser Li. If the cancellation loop is correctly tuned, the distortion of 
the two lasers will cancel at the photo-detector. Frequency responses of the loop are measured with 
laser L2 path connected and disconnected. The difference between these frequency responses is the 
suppression ratio and this indicates the performance of the error cancellation loop.
The tuning of gain and phase in the distortion cancellation loop is very similar to that in the carrier 
cancellation loop. To match the amplitude of paths the gain of the individual paths are measured. The 
differences in gain of the two paths are noted and appropriate attenuation is used to balance the gain 
mismatch. Fine tuning is achieved by changing the control voltage of the amplifier A2. To match the 
time delay, the difference is calculated and an appropriate length of RF cable is used to compensate for 
the time mismatch and a phase shifter is used to achieve fine tuning. However, there is no need to use 
semi rigid delay lines as in the case of the carrier cancellation loop because both paths of the loops 
have optical fibres, which can provide long delay with negligible attenuation.
At the receiver photodiode D2, cancellation of distortion is affected by unmatched phase between 
the signal plus distortion generated from the primary laser and the distortion generated from the 
secondary laser. This phase error is caused by time delay difference between two paths. By reducing 
the time delay in the optical fibre path periodic ripples are observed, which is the suppression ratio as a 
function of the frequency. This result was measured when the time delay was shortened by about 2 ns 
and the ripples have a period of about 500 MHz. The ripples indicated that reduction of distortion can 
be obtained over a small frequency range. It is therefore concluded that the time delay error causes 
reduction of distortion over a bandwidth. This phenomenon also indicates that the reciprocal of the 
period of ripples approximately represents the time delay error. Amplitude imbalance can decrease the 
amount of the reduction of distortion over the bandwidth in the feed-forward system. Both phase and 
amplitude balances show great importance in the reduction of distortion. Referring to the measured 
suppression ratios, effects of amplitude and phase errors can be estimated, and therefore the feed­
forward system can be efficiently adjusted and optimised.
Again to demonstrate the effect of electrical reflections the RF isolator at the input of laser L2 is 
disconnected. After adjusting the loop, the suppression is then measured and it was observed that 
electrical reflection could severely degrade the performance in the feed-forward system.
It should be remembered that the role of the carrier cancellation loop is to provide a negative 
signal for distortion compensation. The actual cancellation of the distortion is performed by the 
distortion cancellation loop. Therefore its performance provides a good indication of the amount of 
distortion reduction that can be achieved by the overall system. This means that while the feed-forward
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system  can tolerate som e degradation to the perform ance o f  the carrier cancellation  loop , the distortion  
cancellation loop must be finely  adjusted. A s m entioned before, optical phase m atching is by far more 
critical and any degradation in perform ance o f  this loop  w ill be reflected in the overall reduction o f  
distortion by the feed-forward linearisation schem e.
The distortion cancellation  loop  is optim ised  and tested. Frequency responses w ere m easured with  
and without b locking the light em itted by the secondary laser L2. B y taking the d ifference between  
these frequency responses, a suppression ratio w hich determ ines the loop  perform ance is evaluated. 
The best adjustm ent in the outer loop can be achieved  w hen the suppression o f  the error signal is at its 
m axim um  (the suppression ratio is at its m axim um ). Figure 3 .20  show  the distortion cancellation  ratio 
as a function o f  the frequency over 0 -6  G H z together with response for the direct and the laser path.
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Figure 3.20 Distortion cancellation loop at 5.2 GHz amplitude matching (left plot) and phase matching (right 
plot)
M ore then 24 dB o f  the signal in the loop  is suppressed over the frequency range from  4 .8  G H z to 5.3  
GHz. This result was obtained w hen the phase and gain in the loop  were adjusted for best performance. 
The operational bandwidth o f  the feed-forw ard is lim ited to 5 0 0  M H z due to the frequency response o f  
the lasers and the flatness o f  the gain am plifiers. Em ploying optical com ponents with shorter fibre 
pigtails a llow s reduction o f  length o f  the m icrow ave cables required for path length m atching reducing  
the effect o f  the m icrow ave frequency dependent loss, thus extending the bandwidth. S ince the feed ­
forward perform ance is dependant on the quality o f  cancellation process, gain and phase controllers 
should ideally be autom atically controlled  to com pensate for temperature drifts, com ponent ageing and 
changes in response o f  the lasers.
3.5.4 Non-ideal device considerations
The perform ance o f  the feed-forw ard system  is m ainly determ ined by tw o factors, am plitude m ismatch  
and phase m ism atch betw een  each path in the loop. Therefore the reduction o f  distortion depends
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heavily on amplitude and phase balance. Careful and accurate adjustments in phase shifters and 
amplifiers are essentially required to achieve a good performance in the feed-forward system. In this 
section some of the main problems encountered in the practical implementation of the circuit which 
were not discussed before are briefly discussed. In addition, the effects of the non-ideal devices on the 
feed-forward system are also presented in this section.
Semiconductor lasers
A flat amplitude response and a linear phase response of the laser is required over the bandwidth 
because they can affect the reduction of distortion. Although the secondary laser is a non-linear device, 
the effect of its non-linearity is similar to the effect of the amplifier A2.
Photodiode
The photodiode D, has a similar effect on the feed-forward system as the amplifier A|. Non-linear 
distortion in the photodiode D! is not significant in the feed-forward system since photodiodes with 
high linearity are available. Moreover, a flat frequency response and a linear phase are found in the 
photodiode. Generally, the photodiode does not cause any severe effect but shot noise in the 
photodiode may affect the noise performance of the feed-forward system.
Optical connectors and splices
The quality of optical connectors and splices in the fibre used is another point of major importance. 
Optical reflections from imperfect optical connectors and splices can generate a noisy signal and also 
create distinct resonance like peaks, causing large amplitude and phase errors at certain frequencies. 
Due to the importance of minimising optical reflections in a feed-forward circuit optical isolators may 
be used. Also reflections at fibre joints can be minimised by the use of index matching gel, which can 
be a simple and very effective way of reducing optical reflections. The optical connectors deteriorate 
after being reused for many times and it is vital that the connectors are suitably cleaned every time they 
are connected. The use of FC/APC connectors can also help to eliminate reflections significantly.
Optical coupler
The optical coupler K2 in which distortion is combined determines the combination ratio of the signal 
plus distortion generated by the primary laser to the error signal generated by the secondary laser. As 
mentioned previously this combination ratio must be carefully considered in the feed-forward system. 
To obtain minimum optical power penalty of the primary laser and to minimise noise generated into 
the system by the secondary laser, the optical combination ratio should be as low as possible, typically 
0.1 or less. However, a larger modulation error signal of the secondary laser is required to compensate 
for the loss of the optical signal coupling at the optical coupler because of the small combination ratio 
and the secondary laser may be modulated by a very large signal.
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Amplifier non-linear distortion
Non-linear distortion generated by RF amplifiers is another limiting factor, determining the degree of 
linearisation possible by this feed-forward scheme. The circuit is designed to reduce distortion 
generated by the primary laser, but non-linear distortion introduced to the system by other components 
is not compensated. Even if the circuit is capable of reducing laser distortion to less than -70 dBc, 
amplifiers non-linearity may cause the final level of distortion (in the output signal) to be as high as -  
60 to -50 dBc.
In general, the linearity of amplifiers depend on their input level. For amplifier 1 (following 
detector 1) in the circuit, this level is typically -40 dBm. Under these conditions amplifier distortion is 
small and imposes no problems. For amplifier 2 (driving laser 2) the input level is significantly higher 
and thus amplifier distortion may become a limiting factor. Also gain responses of amplifiers are key 
element in the feed-forward system performance. It is important that the amplifiers exhibit a flat gain 
and a linear phase over the bandwidth. These errors in the phase and gain can limit the cancellation of 
the fundamental signal and the reduction of distortion over the bandwidth.
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3.6 Experimental Results
The overall experim ental arrangement for distortion m easurem ents including tw o tone and w ireless  
over fibre transm ission experim ents is show n in Figure 3.21. T he configuration  o f  the feed-forw ard  
linearisation is em p loyed  to linearise the optical intensity output o f  Laser L b w h ich  is directly  
m odulated. The detailed working principle o f  the feed-forward linearisation has been d iscu ssed  earlier. 
The key point about the feed-forw ard linearisation is that Laser 2  is directly m odulated w ith the sm all 
and phase inverted version o f  the distortion products generated by Laser 1, and can therefore be 
assum ed to operate linearly and not generate distortion o f  its ow n [19]. The optical output o f  laser L 2 
replicates the distortion products generated by laser L! w ith 180 d egree phase shift and without the 
main m odulated signal. T he sam e principle applies when laser L) is directly m odulated w ith tw o high  
pow er Q PSK  channels (d iscu ssed  later). Therefore when the output from  Lasers 1 and 2  are detected at 
the receiver, the distortion products are can celled , leaving on ly  the linearised signal from  Laser 1. The 
carrier cancellation  loop and the distortion cancellation  loop  w ere optim ised  first as d iscussed  in 
Section  3 .5 .3  and then put together to form  the com p lete feed-forw ard system . T he am ount o f  
distortion reduction ach ieved  by the system  is m easured for laser L! and a num ber o f  m easurem ents 
were conducted. The perform ance o f  the circuit with and w ithout feed-forw ard is determ ined sim ply by 
enabling and then d isabling the output o f  the secondary laser L2.
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Figure 3.21 Overall feed-forward experimental arrangement
3.6.1 Two tone in term odulation  d istortion
T w o tone m easurem ents w ere carried out to evaluate reduction o f  third order interm odulation  
distortion o f  laser Lj by feed-forw ard com pensation. T w o c lo se ly  spaced m icrow ave carriers were
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supplied by combining the output of two Rhode & Schwarz SMP04 signal generators using a Mini­
circuits ZFSC2-10G power combiner. Two tones test provide a more realistic way of examining the 
system performance than one tone test, since the reduction of distortion products falling close to the 
original tones (carriers) is measured. Figure 3.21 shows the experimental setup used for the two tone 
tests. The RF sources were set to 5.2 GHz separated by 10 kHz to measure third order intermodulation 
distortion (IMD) products at 2fl-f2 and 2f2-fl. Due to non-linearity of the laser third and higher order 
IMD products are generated. The function of the feed-forward is to remove the distortion products and 
ideally leaving only two carriers at the output.
The power of each RF signal was adjusted so that the laser was modulated at a modulation depth 
of 0.63 for each tone. Increasing the input power of each carrier at constant bias current can increase 
the optical modulation depth (OMD) per carrier. Dual junction microwave isolators with at least 40 dB 
isolation were used at the output of each RF source to provide sufficient isolation between the 
generators. Without isolators, the two signals may interfere with each other and produce IMD since the 
power combiner had only lldB  isolation. The IMD introduced by the signal generators was first 
characterised by connecting the output of the electrical coupler to the RF input of the lightwave 
spectrum analyser. It was found that this distortion was negligible due to isolators at the output of the 
signal generators. Third order IMD products from the feed-forward output is detected using the LSA. 
The internal electrical attenuation of the spectrum analyser was set to approximately 10 dB in order to 
reduce distortion introduced by the test equipment.
The linearisation process consisted of two stages. The first stage was the production of the error 
signal and the amount of carrier suppression achievable. The second stage focussed on the degree of 
linearisation obtainable through cancellation of the third order IMD products at the output of the feed­
forward system. The error signal should ideally consist of only the IMD products from the laser. The 
distortion introduced into system in the laser path by the photo-detector Di and the amplifier A] was 
characterised to ensure that any distortion detected at the output of electrical coupler was from the laser 
only. This was done by first disabling the direct path and observing the signal at the RF input to the 
spectrum analyser. An attenuation of 3 dB was introduced before and then after the amplifier and the 
photo-detector, and any change in distortion products were investigated. Since there was not any 
substantial change in the distortion products, it was concluded that the distortion from the photo­
detector and the amplifiers was negligible. This signal is subtracted with the undistorted signal in the 
reference path to introduce the electrical error signal at the output of electrical coupler. The carrier 
power level was reduced to -75 dBm which implies a carrier suppression of 40 dB. This is more than 
acceptable level of carrier suppression. The lower the power level of the carrier in the error signal, the 
lower the level of non-linear distortion products introduced by the secondary laser L2.
The error signal obtained is amplified and modulates laser L2 to provide the optical error signal. 
This error signal is coupled to the primary laser Li, which consists of the carrier signal and IMD 
products. Figure 3.22(a) shows the detected electrical spectrum of the optical output without feed­
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forward linearisation and it can be seen that significant levels of third and higher order intermodulation 
distortion products are present with IMD3 at 45 dB below the carriers. With feed-forward activated, 
the detected spectrum in Figure 3.22(b) shows a reduction in the levels of the distortion products, with 
IMD3 reduced by 26 dB to 71 dB below the carriers. It can be observed that the carrier power level 
remains the same under both conditions. From 5.1-5.3 GHz, suppression was at least 20 dB for IMD3 
and 12 dB for higher order distortion products. In these measurements, the input modulation power to 
the microwave splitter was 6 dBm per carrier tone and the output spectra were detected using a 
Lightwave Signal Analyser (LSA) with 0.81 A/W responsivity at its optical input. In practice, the input 
to the feed-forward may have a finite level of distortion and the feed-forward cannot reduce this level 
but only maintain it. The output of the feed-forward is therefore only completely distortion free when 
the input signal contains no distortion.
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Figure 3.22 Detected electrical spectra o f  overall system under direct two-tone modulation (a) without feed­
forward linearisation and (b) with feed-forward linearisation. The mean optical output powers o f the overall 
system were 0.9 dBm in (a) and 1.7 dBm in (b). The microwave input power per tone @ 5.2 GHz ± 5 kHz is 5 
dBm at the power splitter input.
3.6.2 Laser R1N reduction and dynamic range
The noise added by the primary laser Li can be thought of as an additional signal, which is not present 
on the reference path, and hence will appear as part of the error signal at the output of the electrical 
coupler C2. It will therefore be corrected as part of the natural operation of the feed-forward process 
and assuming a perfect gain or phase balance for the overall system, will be eliminated at the output. 
Therefore, feed-forward not only eliminates distortion but also noise and indeed any other spurious 
signals present at the output of laser Li which are not present in the reference path. This is a useful 
benefit of the feed-forward system, as it allows relatively low noise lasers to be constructed with high 
third order intercept points, hence resulting in a large dynamic range.
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To measure the spurious free dynamic range (SFDR) the RF input power levels of the two carriers 
to the microwave splitter were varied in steps of 1 dB and the corresponding output power levels of the 
two fundamental carriers and the IMD3 were measured. The results with and without feed-forward are 
shown in Figure 3.23. Since the combining splitter and RF cable had about 4 dB loss and the 
generators have the maximum power of 10 dBm, it was not possible to take results beyond 6 dBm. The 
RF power shown in the horizontal axis is at the terminal of the input splitter to the feed-forward 
system. Not only has the feed-forward reduced IMD3, the RIN has also been lowered. Measurement of 
the relative intensity noise (RIN) was performed with the optical output of the laser LI directly 
connected to a LSA. Using the built in RIN measurement capability of the test equipment the RIN 
spectrum of the laser LI in the frequency range of 5 GHz is recorded. The RIN was -141 dB (1 Hz) 
without feed-forward, and -150 dB (1 Hz) with feed-forward. The laser LI must be of high power so 
that the intensity noise of the laser will be dominant over the noise in the measuring equipment. The 
noise floors in Figure 3.23 were limited by the laser RIN and equal to the equivalent electrical noise 
power spectral densities that would be delivered to a 50 Q load by the photodiode of the LSA having 
0.81 A/W responsivity. Using these RIN values and noting that the mean optical output power was 0.9 
dBm without feed-forward and 1.7 dBm with feed-forward, the two noise floor limits were calculated 
to be -154 dBm (1 Hz) and -161 dBm (1 Hz), respectively. The respective SFDRs are therefore found 
to be 92 dB (1 Hz) and 107 dB (1 Hz), an enhancement of 15 dB using feed-forward linearisation.
Lower Carrier
Lower IMD without F eed fo rw ard  
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Figure 3.23 Dynamic range measurement o f overall system with and without feed-forward linearisation @ 5.2 
GHz ± 5 kHz
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3.6.3 Spectral re-grow th and in terchannel distortion
The feed-forw ard system  described in the previous section has a lso  been used for broadband w ireless  
Quadrature Phase Shift K eying (Q P SK ) data transm ission experim ent. The use o f  feed-forward  
linearisation at 2 .4  G H z to com pensate laser non-linear distortion in a m ulti-channel w ireless-over- 
fibre system  intended for W L A N  applications is investigated. An access point (A P ) can sim ultaneously  
receive high and low  pow er signals, depending on how far the users are from the AP. A ny non-linear 
com ponents in the fibre-optic link such as a directly m odulated laser can cause spectral re-growth (or 
broadening) o f  an input signal.
The effec tiv en ess  o f  feed-forw ard linearisation in suppression o f  the spectral re-growth caused b> 
the non-linearity o f  Laser 1 is exam ined . A  V ector Signal Generator (V S G ) w as used to provide tw o I I 
M sym b/s Q PSK  channels, A  and B, at 2 .434  G H z and 2 .412  G H z, respectively. Both C hannels A a n d  
B w ere internally filtered with a root raised cosin e function having a ro ll-o ff factor o f  0 .5  for reducing 
the occupied  bandwidth. C hannels A  and B w ere com bined in the m icrow ave com biner before being 
applied to the input o f  the feed-forw ard transmitter for direct m odulation. Channel A input power was 
fixed  at + 13 dB m  and C hannel B input pow er was varied. The frequencies o f  Channel A and Channel 
B correspond to tw o  adjacent n on-overlapping channels specified  by the 802.1 lb  (North A m erica). The 
sym bol rate is the sam e as that o f  802 .11b . The aim o f  the experim ent was to consider the situation 
w here the received  pow er from  a nearby user to the B S w ould generate a strong signal and to 
investigate how  the spectral re-grow th caused  by the high pow er Channel A would interfere with the 
w eak neighbouring Channel B w hich  was far from the BS w hose pow er was varied from -25 dBm  to 
+ 13 dBm . The output from  the optical feed-forw ard transmitter was transported over a 2.2 km length  
o f  SM F (dispersion 17ps/nm /km ). T he feed-forward could  easily  be enabled or disabled by sim ply  
connecting or d iscon nectin g  Laser 2 output from the optical coupler. The linearised m odulated signal 
at the output o f  the p hotodiode was am plified  and detected using a Rhode & Schw arz FSQ 26 V ector 
Signal A nalyser (V S A ). The RF spectra o f  the tw o transmitted channels were m easured with the feed­
forward d isabled and enabled as show n in Figure 3.24.
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Figure 3.24 Detected RF spectra with and without feed-forward
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W hen the feed-forward was disabled , the non-linearity generated from  L aser 1 caused  significant 
spectral re-growth from Channel A  to interfere w ith the frequency band o f  the neighbouring Channel
B. W ith the feed-forw ard enabled, the spectral re-growth was suppressed by at least 9  dB. A lso  with  
the spectral re-growth suppressed, the spectrum  o f  Channel B can be seen m ore clearly.
T he error vector m agnitude (E V M ) and the signal-to-noise ratio (S N R ) for C hannel B were 
m easured in the presence o f  Channel A  w h ose input power w as fixed at + 13  dB m  throughout and the 
results are show n in Figure 3 .25. E V M  is the d ifference between the m easured sym bol and the ideal 
reference sym bol. The EVM  decreased and SN R  increased with increasing Channel B input power. At 
-20 dBm , feed-forw ard reduced the EV M  by 5 % and increased the SN R  by 2 dB. The IEEE802.1 lb  
standard requires that the E V M  not exceed  35% and it can be seen in Figure 3 .25  that w ithout feed ­
forward, Channel B w ould not be able to  com ply with this requirement for input leve ls below  -23 dBm , 
whereas with feed-forw ard the sp ecification  is m et for channel B levels as low  as -26 dBm .
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Figure 3.25 EVM and SNR vs. Channel B input power with Channel A at +13 dBm. Channel filter bandwidth: 
20 MHz.
The quality o f  the m easured eye-diagram s o f  the weaker Channel B w ere a lso  affected  by Channel 
A spectral re-growth. The eye-d iagram s show n in Figure 3 .26  were m easured with the V S A  set to the
Symbols
Figure 3.26 Detected -23 dBm Channel B in-phase eye-diagrams with Channel A at +13 dBm with feed-forward 
disabled (left) and enabled (right). Channel filter bandwidth: 20 MHz.
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centre frequency o f  Channel B at 2 .4 1 2  G H z and selecting a 20  M H z w ide channel Filter. W ith feed ­
forward enabled, the eye-diagram  had a w ider opening com pared to w hen the feed-forw ard was 
disabled.
T o see the effect o f  tw o strong channels the input powers o f  both C hannels A  and B were set 
equal at +13 dBm  and the measured RF spectra in Figure 3 .27 show  that with the feed-forward  
disabled, there w as strong interm odulation distortion caused by the tw o high input pow er signals 
directly m odulating Laser 1. A ny low  pow er signals in the next neighbouring channel frequency bands 
would have been severely  degraded. W ith feed-forward enabled, the interm odulation distortion was 
suppressed by m ore than 10 dB.
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Figure 3.27 Detected RF spectra with feed-forward disabled (left) and enabled (right), both Channels A and B set 
at +13 dBm.
The impact o f  interm odulation distortion on a weaker adjacent channel is investigated  using three 
Q PSK channels [20]. A  R ohde & Schwarz V SG  was used to provide tw o 11 M sym b/s QPSK  
modulated signals at 2 .434  G H z (Channel A ) and at 2 .412  G H z (Channel B). Both Channels A and B 
had a fixed  power level at +13  dB m  throughout and were internally filtered with a root raised cosine  
function having a ro ll-o ff factor o f  0 .5  for reducing the occupied  bandwidth. An A gilen t V SG  provided  
Channel C with 11 M sym b/s Q PSK  m odulated signal at 2 .456  GHz. Channel C was internally filtered 
with a root N yquist function having a ro ll-o ff factor o f  0 .5 . A  number o f  m easurem ents were 
conducted with different Channel C pow er levels . A ll three Q PSK  channels w ere first com bined using 
m icrow ave com biners as illustrated in Figure 3.21 before being fed to the optical feed-forward  
linearised transmitter. W ith Channel C set at - 2 3  dBm , the transmitted RF spectra with the feed­
forward disabled and enabled w ere m easured with a spectrum  analyser. Under such a high power input, 
particularly from  Channels A  and B, Laser 1 generated a significant level o f  interchannel distortion as 
identified in Figure 3 .28 in the non-linearised case. The weaker Channel C w as effective ly  buried 
under and could  not be readily d istinguished  from  such distortion products in the RF spectrum. With 
the feed-forward enabled, the interchannel distortion was reduced by at least 11 dB and the spectrum o f  
Channel C could  then be clearly seen  as in Figure 3.28.
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Figure 3.28 Detected RF spectrum o f the three QPSK channels with and without feed-forward linearisation
T o assess further the im pact o f  the interchannel distortion on the w eaker Channel C in the time 
dom ain and the effec tiven ess  o f  the feed-forw ard linearisation, a V S A  was used to m easure the eye-  
diagram, the EV M  and the S N R  for Channel C. W ith the V S A  tuned to the centre frequency o f  
Channel C at 2 .4 5 6  G H z and set to  a 2 0  M H z channel filter bandwidth, the eye-diagram s and 
constellation points with feed-forw ard disabled  and enabled w ere m easured and are show n in Figure 
3.29.
W hen the feed-forw ard w as disabled , no eye-diagram  could  be detected w hich suggests that the 
interchannel distortion products from  C hannels A  and B com p letely  overw helm ed the weaker Channel
C. W hen the feed-forw ard w as enabled , a clear, open eye-diagram  was obtained for Channel C. Such a 
dramatic d ifference in the quality o f  the received  eye-diagram s illustrates how  e ffec tive  the feed ­
forward linearisation is in suppressing interchannel distortion. In Figure 3 .29  on ly  the in-phase eye- 
diagram s are show n sin ce the corresponding quadrature phase ones were very sim ilar.
The EV M  and SN R  for C hannel C were m easured as a function o f  channel input pow er and the 
results are plotted in Figure 3 .30 . T he EV M  decreased and SN R  increased with increasing Channel C
.-$r
Figure 3.29 Detected -23 dBm Channel C in-phase eye-diagram and constellation points with feed-forward 
disabled (left) and enabled (right). Channel filter bandwidth: 20 MHz.
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input power. At -14 dBm input power, the feed-forward linearisation reduced the EVM from 31 % to 
10 % and increased the SNR from 10 dB to 20 dB. The IEEE802.11b standard requires that the EVM 
not exceed 35 % and it can be seen that without feed-forward, Channel C would not be able to comply 
with this requirement for input levels below -15.5 dBm, whereas with feed-forward the specification is 
met for Channel C levels as low as -26 dBm, a power advantage of 10.5 dB. It can be seen that the 
performance increase is greater for 3 channels than for 2 channels since the effect of intermodulation 
distortion is more severe then spectral re-growth.
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Figure 3.30 EVM and SNR vs. Channel C input power. Channel filter bandwidth: 20 MHz.
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Spectral re-grow th a t 5.8 G H z
Data transm ission w as a lso  carried out at 5 .8  G H z for IE E E 802.11a W L A N  standard and IE E E 802 .16 
W im ax standard. T w o  Rhode & Schw arz S M U 2 0 0 A  V SG s were used to provide tw o  channels, A and 
B, at 5 .765  G H z and 5 .7 8 5  G H z resp ective ly  and internally filtered with a root raised cosin e function  
having a roll o f f  factor o f  0 .5 . T he frequencies o f  the tw o Channels A and B fo llow  the IEEE 802.1 la  
standard channel allocation. T he output pow er from the V SG  for channel A w as fixed  at + 12 dBm  and 
Channel B input pow er w as set to  -23 dB m  [21].
Before the m easurem ents w ere taken feed-forw ard w as optim ised  around 5 .8  G H z operating  
frequency. The carrier can cella tion  loop  and the distortion can celling  loop  w ere optim ised for 
m axim um  distortion cancellation  according to the procedure described earlier. Figure 3.31 and Figure
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Figure 3.31 Carrier suppression loop at 5.8 GHz amplitude matching (left plot) and phase matching (right plot)
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Figure 3.32 Distortion cancellation loop at 5.8 GHz amplitude matching (left plot) and phase matching (right 
plot)
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3.32  show  the response w ith a network analyser for the am plitude and phase m atching response for the 
carrier cancellation  loop  at the output o f  the hybrid coupler and the distortion cancellation  loop  
respectively. The RF spectra o f  the tw o  11 M S ym b /s, 16 Q A M  channels w ere m easured with the feed ­
forward d isabled  and enabled  and are sh ow n  in Figure 3.33. W ith feed-forw ard enabled the spectral re­
growth w as suppressed by 20  dB a llow in g  the spectrum  o f  Channel B to be easily  recovered.
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Figure 3.33 Detected RF spectrum with and without feed-forward at 5.8 GHz
A  num ber o f  m easurem ents w ere conducted  using 16 Q A M  and 64  Q A M . Eye-diagram s, 
constellation  and E V M  w ere m easured using the V S A  set to Channel B at a centre frequency o f  5.785  
G H z with a 20  M H z channel filter bandwidth and are show n in Figure 3 .34  and Figure 3.35 with feed ­
forward enabled and d isabled . W ithout feed-forw ard the quality o f  the m easured eye-diagram s, 
constellation  diagram s and E V M  o f  the w eaker channel B w ere severely  affected  by Channel A 
spectral re-growth. W ith feed-forw ard  enabled , the eye-diagram s had w ider open ing and w ell defined  
constellations w ere observed . T he E V M  for Channel B w as m easured in the presence o f  Channel A, 
with input pow er fixed  at + 1 2  dBm . W ith feed-forw ard enabled the EV M  im proved from 24.9%  to 
9.3%  for the 16 Q A M  and 19.8%  to 5.2%  for the 64  Q A M  signals. The m odulated sym bol rate from
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Figure 3.34 Detected Channel B eye and constellation diagrams for 16 QAM (a) without feed-forward (b) with 
feed-forward. EVM  is 24.9%  w ithout feed-forward. EVM is 9.3% with feed-forward
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Figure 3.35 Detected Channel B eye and constellation diagrams for 64 QAM (a) without feed-forward (b) with 
feed-forward. EVM  is 19.8% without feed-forward. EVM is 9.3% with feed-forward.
the V SG  w as 11 M S ym b/s. S in ce each  16 Q A M  sym bol carries the inform ation o f  4  bits, the 
transmitted data rate is 4 4  M b/s and w ith 64  Q A M  (6 bits) a data rate o f  66  M b/s is transmitted.
Finally the input p ow ers o f  both Channel A  and Channel B with 16 Q A M  signals w ere set equal to 
+ 10 dB m  and the m easured R F spectra are sh ow n  in Figure 3 .36. W ith feed-forw ard enabled , the IM D  
was suppressed by 13 dB. A lthou gh  feed-forw ard is able to provide a greater suppression for the IM D, 
this w as lim ited by the availab le pow er from  the signal source as can be seen  in Figure 3.36. The 
output o f  the generator for C hannel B had som e residual distortion and this cannot be com pensated  
with feed-forw ard. In such  ca se  feed-forw ard is unable to reduce these distortion products w hich are 
already at the input. From  F igure 3 .3 6  it can be observed that the feed-forward provides at least 10 dB 
suppression o f  third order IM D  from  5 .7 3 5  G H z to 5 .8 1 0  GH z.
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Figure 3.36 Detected RF spectra with feed-forw ard disabled (upper) and enabled (lower), both Channels A and B 
set at +10dBm.
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3.7 Conclusion
In this chapter the operation o f  feed-forw ard  sy stem  has been described  in detail. A n a ly s is  o f  distortion  
reduction in feed-forw ard w as presented. In particular, e ffec ts  o f  am plitude and p hase m ism atch  on 
distortion reduction are in vestigated . For accurate can cellation  am plitude and phase m ust be c lo se ly  
m atched. For exam p le, a 4 0  dB can cella tion  requires a phase balance o f  0 .5 °  and an am plitude match  
better than 0 .0 5  dB . It is clear that the h igher the desired can cella tion  and w ider the bandwidth the 
m ore d ifficu lt it is to m eet the strict p hase and am plitude requirem ents. It is found that the system  
perform ance is strongly a ffected  by the cross cou p lin g  ratio o f  the optical cou p lers K | and K 2 and this 
in vo lves a num ber o f  d esign  tradeoffs.
An experim ental setup o f  op tica l feed-forw ard  system  w as built and the system  evaluation  is 
carried out to id entify  the criteria for optim um  perform ance and com p onent sp ec ifica tion s. The  
operational bandw idth o f  feed-forw ard  linearisation  is lim ited  to 5 0 0  M H z due to frequency dependent 
lo ss in the m icrow ave cab les. Further im provem en ts in vo lve  em p loy in g  op tica l com p on en ts with 
m inim um  fibre p igta ils, a llo w in g  a reduction in the length o f  m icrow ave cab les required for path 
m atching. T h e tuning, testin g  and the experim ental results are presented at 5 .2  G H z to com p en sate  
n o ise  and d istortion  in a low  co st d irectly  m odulated 1550 nm  u ncooled  D F B  laser. T h is operating  
frequency is required for the IE E E 802.1  la  standard and is a lso  the h ighest reported to date for a feed ­
forward laser d iod e linearisation . T he laser RIN  has been  reduced by 7 dB with sim ultaneous 26  dB  
suppression in the third order IM D . R ed uction  in both R IN  and IM D  has enhanced  the S F D R  by 15 dB  
to 107 d B ( lH z ) .
T he linearisation  sch em e is dem onstrated  for the transm ission  o f  m ulti-channel broadband 11 
M sym b /s Q P S K  m odulated  w ire le ss  ch an nels centred around 2 .4  G H z over 2 .2  km  S M F  using an 
u ncooled  D F B  laser. T h e spectral re-grow th o f  the + 13  d B m  C hannel A  has been  reduced by 9 dB 
resulting in a 5% reduction  in the E V M  o f  the neighbouring -23  d B m  C hannel B . Interm odulation  
distortion has a lso  been  suppressed  by 10 dB w hen  both ch an n els A  and B w ere set equal at + 13  dBm .
For the first tim e feed-forw ard  linearisation  is used in the transm ission o f  tw o  high p ow er and one 
low  p ow er 11 M sym b /s Q P S K  m odulated  sign a ls centred around 2 .4  G H z. T h e interchannel distortion  
from  tw o  high  p ow er ch an n els has b een  suppressed  by 11 dB , resulting in an E V M  reduction from  31 
% to 10 % and a S N R  en h ancem en t from  10 dB to 20  dB for a - 1 4  d B m  n eighbouring Channel. An 
ey e  diagram  cou ld  on ly  be ob tain ed  w ith  feed-forw ard  enabled  w hich  dem onstrates how  e ffec tiv e  this 
linearisation is in su ppressing the interchannel distortion generated by a d irectly  m odulated  D FB  laser.
Laser non-linearity b eco m es w orse  w ith  higher m odulating frequency and dem onstration centred  
around 5 .8  G H z is carried out for the transm ission  o f  m ulti-channel broadband 11 M S ym b /s, 16 Q A M  
and 64  Q A M  w ire less  ch an nels. T h ese  results su ggest that feed-forw ard linearisation applied to 
directly  m odulated  laser is an e ffe c tiv e  techn iqu e in obtain ing the required system  d ynam ic range and 
can m ake practical m ulti-ch ann el w ire le ss  over fibre system s for w ire less L A N  applications.
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Chapter 4
Wireless over Fibre Systems and 
Networks
The concept of wireless over fibre systems and signal transport schemes (RF, IF and Baseband over 
fibre) have been discussed in Chapter 1. In this chapter, potential millimetre-wave (mm-wave) wireless 
over fibre architectures are investigated. After an Introduction 4.1, a number of previously reported 
half and full duplex mm-wave over fibre systems for transport and distribution of broadband wireless 
signals are discussed in Section 4.2. Section 4.3 describes optical generation of the Local Oscillator 
(LO) signal for mm-wave frequency up/down conversion at the Base Station (BS). Network topologies 
such as star, star-tree, bus and ring are discussed in Section 4.4, together with their advantages and 
disadvantages. Detailed results are presented for signal transmission in a ring architecture including a 
link budget model. Key ideas are extended to investigate how wavelength division multiplexing 
(WDM) can be applied to reduce system complexity and cost. Link budget calculations together with 
simulation results are presented in Section 4.5 for the proposed mm-wave Gigabit/s system. A brief 
introduction to the use of Semiconductor Optical Amplifiers (SOA) in wireless over fibre systems is 
given in Section 4.6. Finally, Conclusions for this chapter are presented in Section 4.7.
4.1 Introduction
The demand for broadband wireless access, such as a huge data file downloading, real time video 
streaming and high definition TV signal transmission are increasing so that wireless transmission with 
1 Gigabit/s (Gbit/s) and beyond data rate is attractive [1]. Instead of working in the congested 2-10 
GHz range, interest is growing in the mm-wave frequency range (> 30 GHz) where large continuous 
frequency bands are available. By combining the existing high capacity of optical networks with 
wireless links at mm-wave frequencies higher data rates could be delivered to the end user. Due to 
higher propagation loss at these frequencies, large numbers of BSs are required and it is essential to 
design them to be as simple and cheap as possible.
Wireless over fibre is an attractive solution for the delivery of radio signals to a set of remote BSs. 
This offers the advantages of simple and economical remote BSs, centralised control of the radio 
signals, and a high level of transparency to the wireless modulation technique used [2]. To reduce the
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BS equipment hardware, it is attractive to transport mm-wave signals directly over fibre in comparison 
to IF. However, transmitting signals at IF has the benefit that chromatic dispersion is greatly reduced 
and low bandwidth devices can be used. By incorporating WDM in the system it is possible to achieve 
full duplex operation on one fibre and allow different BSs to be fed by a common fibre. Such full 
duplex operation can be achieved using the ring architecture.
4.2 Review of Wireless over Fibre Transmission Experiments
A key issue in the implementation of a mm-wave over fibre system is the generation of the modulated 
optical carrier and many techniques have been proposed [3, 4]. Most techniques can be easily 
implemented in the downlink path, as the system cost and equipment can be shared among a large 
number of customers. In contrast, the realisation of the uplink path is more challenging since it is 
constrained by the cost of both the mobile unit and the BS. Requirement for high speed components in 
the BS such as the Mach-Zehnder Modulator (MZM) increase the complexity and the overall cost of 
the BS. Therefore it is essential to use a simple and low cost optical transmitter at the BS. A common 
architecture implemented has been distribution of the uplink signals at IF over fibre where the uplink 
mm-wave signals are first down-converted and then transported optically to the Central Station (CS)
[5]. In this thesis IF over fibre techniques together with remote delivery of the mm-wave LO signal is 
investigated both for the uplink and downlink as a cost effective and simple distribution architecture
[6]. For instance, low cost directly modulated uncooled Distributed Feedback (DFB) lasers can be 
used, whereas expensive external modulators are required when transmitting mm-wave signals. 
However, a high frequency photodiode is required to detect the optical LO and mm-wave mixers are 
required for frequency up/down conversion at the BS.
4.2.1 Millimetre-wave systems
To date, a number of techniques for the generation of mm wave modulated optical carriers for data 
transmission in a wireless over fibre system have been reported and demonstrated [7, 8, 9]. Many 
experiments have been conducted both for the uplink and downlink [10, 11, 12]. To overcome the 
severe limit in distance due to dispersion [13, 14] of double sideband mm-wave modulated signals 
Optical Single Sideband (OSSB) modulation using a single, dual electrode MZM has been proposed 
[15]. The modulator is biased at quadrature and the modulated mm-wave signal is applied to both 
electrodes with a ti/2 phase shift between the two electrodes. The modulator produces only two spectral 
components which are tolerant to dispersion: an optical carrier and one sideband. Complete 
suppression of the other sideband can be theoretically achieved. A number of transmission experiments 
have been reported using this approach [8, 12]. Although this method requires the dual electrode MZM 
to be driven at mm-wave frequency, the conversion efficiency demonstrated is good. The main 
advantage of this OSSB technique is that the mm-wave generation and the modulation imposition are 
carried out in a single stage requiring a single, dual arm MZM. An OSSB signal may also be generated
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by optically filtering (removing) one of the sidebands of a double sideband signal, however this is not 
very power efficient [16]. Smith et al [17] demonstrated a full duplex wireless system using electrical 
and optical SSB modulation for efficient broadband mm-wave signal transportation. A DFB laser 
provides a 1550 nm optical signal at the CS and is modulated by a dual electrode MZM operating as an 
optical SSB generator. The RF electrodes of the MZM are driven by a mm-wave carrier at 38 GHz 
with SSB BPSK modulation, which is generated using a Sub-Harmonically Pumped Image Reject 
Mixers (SHPIRM). All the mm-wave mixers used for frequency up/down conversions are sub- 
harmonically pumped with the LO at half the RF frequency, thereby reducing the cost of the drive 
electronics at both the CS and the customer unit. The author also suggested that frequency multipliers 
can be used instead of SHPIRM, however no results were presented. A data rate of 155 Mbit/s was 
obtained on the downlink using BSPK modulation. The use of an EDFA after the MZM improved the 
modulation depth at 38 GHz and increases the optical power in the single sideband. Wireless 
transmission was achieved over a 5 m path. Lim et al [8] carried out a similar experiment in which 155 
Mbit/s and 622 Mbit/s data streams were delivered on the uplink (37.5 GHz) and the downlink (34.8 
GHz) respectively over 20 km of single mode fibre (SMF) and a 2 m radio path. 60 GHz digital 
modulated radio signal transmission over 46 km standard fibre and optical distribution to remote 
antennas units serving a pico-radio cell has also been considered [18].
Shoji et al [19] demonstrated a mm-wave over fibre link for a point to point fixed multi-carrier 
wireless access system operating at 37 GHz. A 622 Mbits/s 64 QAM multi-carrier signal is imposed on 
a 1330 nm optical carrier by an external MZM and transmitted over a 10 km SMF with a BER<10'5. 
The optical signal is photo-detected by a Uni-Travelling Carrier Photo-diode (UTC-PD). In this 
experiment, no air link was implemented. However, considering the free space transmission model, it 
was estimated that the 622 Mbit/s signal can be transmitted over a 2 km wireless path using directional 
antennas (36 dBi) with a 6 dB power margin. Kim et al [20] carried out experimental transmission of 
OFDM data over 25 km of SMF followed by a 2.6 m LOS wireless transmission at 60 GHz. In this 
experiment 155 Mbit/s 16 QAM OFDM data was generated and imposed on a 2.36 GHz carrier before 
being fed to a DFB laser diode. Frequency up/down conversion was performed using separate 57.2 
GHz LO sources at the BS and CS. Wireless transmission of the 155 Mbit/s signals was achieved 
under LOS condition with a BER <10"6 and acceptable SNR (19-24 dB) at the receiver. System 
performance degrading factors (namely limited transmission distance) include intermodulation noise 
induced by self phase modulation and carrier amplitude suppression induced by linear dispersion. The 
performance of this system is mainly limited by the low 2.5 GHz modulation bandwidth of the DFB 
laser source. Also since the LO signal is generated by an independent electrical source at each BS this 
may not be feasible for a real system implementation, since the LO source need to be phase related to 
provide exact synchronisation amongst all BS. Kitayama et al [21] reported the implementation of a 
dual band compact BS and demonstrated error free transmission of 155 Mbit/s DPSK data at 59.60 
GHz simultaneously with a 2.45 GHz tone on a 1552.52 nm optical carrier on the downlink over 2 km
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of SMF followed by the equivalent of a 12m airlink. This compact BS prototype comprises a high 
speed photodiode, an Electro-absorption Modulator (EAM), dual-band power combiners and splitters, 
amplifiers, filters and separate antennas. Simultaneous transmission of baseband (2.5 Gbps), and mm- 
wave (155.52 Mbit/s DPSK at 59.6 GHz) signals by externally modulating a 1560 nm DFB laser with 
an EAM has already been experimentally demonstrated on the downlink [22]. A 60 GHz module for 
RF/optic conversion using an EAM has also been developed [23]. A full duplex system based on a 
high speed EAT [24] is proposed for transmission of broadband signals. A super-continuum multi 
wavelength light source has been used as a cost effective technique in a WDM system at the CS for the 
downlink [25].
Different methods have been proposed in order to solve the uplink problem. Many of them 
involve reusing the optical carrier from the downlink [26]. This wavelength reuse scheme eliminate the 
need for a separate light source at the BS by providing the optical carrier for uplink transmission, 
where the uplink optical signal is generated by recovering a portion of the optical carrier used in the 
downlink transmission [27]. Nevertheless the problem of high frequency signal transmission between 
the BS and the CS (the need for high speed components in the BS, dispersion caused fading) remain 
unsolved. A simple link configuration to reduce the number of high speed components at the BS was 
achieved by transmitting an unmodulated RF carrier from the CS to the BS where it is detected and 
used to down-convert the uplink data to an IF (it acts as a LO). In addition, the need for a light source 
at the BS is also omitted by reflecting part of the downlink optical carrier and modulating it, using the 
MZM, with the IF uplink data [28]. Although the reuse of optical carrier for the uplink offers the 
advantages of BS without any WDM sources, the power budget is affected restricting the transmission 
distance to less than 10 km without additional optical pre-amplification at the CS. Attygalle et cd [29] 
proposed a technique to show how the transmission distance can be doubled by optimising the 
downlink and uplink modulation depths. The carrier extraction is accompanied by specially designed 
FBG with reflectivities between 95-99% that extracts majority of the power of the downlink carrier for 
uplink transmission.
When mm-wave frequency signals are imposed onto the optical carrier, sidebands are generated at 
spacing equal to the modulating mm-wave frequency away from the optical carrier. This causes the 
inter-channel spacing of a WDM feeder network for a mm-wave fibre radio system to rise. Wavelength 
interleaving was proposed to increase the spectral efficiency in the optical domain [30]. It is achieved 
by multiplexing the mm-wave modulated WDM signals with channel spacing smaller than the 
modulating mm-wave signal frequency. By applying this technique, channel separations of 50 or 25 
GHz can be easily realised. A WDM optical interface has been demonstrated with the capacity of 
adding and dropping wavelength interleaved WDM channels spaced at 25 GHz and also enabling 
wavelength reuse, which eliminates the need for a light source at the BS. The WDM optical interface is 
realised using a multi-port optical circulator in conjunction with multi-notch Fibre Bragg Grating 
(FBG) filters [31].
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The development of Gigabit wireless systems is also attracting a great deal of interest. In order to 
meet these demands, research has been carried out on faster wireless transmission links. For instance in 
2004, wireless operators, Siemens [32] and NTT DoCoMo [33] independently achieved 1 Gbit/s real 
time wireless transmission using Multiple Input Multiple Output (MIMO) devices in combination with 
OFDM modulation scheme. Another way to increase the data rate is to use a free space optical link 
(FSO). It offers a number of potential advantages over similar radio systems, in particular the available 
bandwidth is much higher and also no operating license is needed. The FSO has already achieved 2.5 
Gbit/s [34]; however, it has problems in terms of cost and size, since it requires a precise positioning to 
align the optical beam. An alternative is to use mm-wave transmission. Intensive research has been 
done to develop wireless links using the 60 GHz band [35, 36, 37] and 1.25 Gbit/s data transmission 
has been achieved [38]. A multi gigabit/s wireless links based on mm-wave photonic techniques is 
demonstrated in [39]. Ohno et al [40] applied photonic techniques to a wireless system and succeeded 
in 1 Gbit/s data transmission using a 40 GHz mm-wave system.
The applicability of >100 GHz mm-wave in wireless communication is investigated further in 
order to increase the data rate. Wireless data transmission at 2.5 Gbit/s was achieved with a high power 
120 GHz photonic emitter using a UTC-PD that has a large bandwidth and high saturation level, to 
generate mm-wave signal with a power > 2 dBm at 120 GHz. A 10 Gbit/s data transmission over a 2.5 
m wireless link was demonstrated by Hirata et al [41]. The link incorporates an active ML-LD and a 
MZM, which are rather expensive and require high power and high frequency drivers. Although data 
transmission achieved was very high the cost of the wireless link is of primary concern for commercial 
use. The same author also proposed a cost effective mm-wave photonic wireless link that uses a fabry- 
perot laser for mm-wave generation and demonstrated transmission of 1.25 Gbit/s [42]. A photonic 
transmitter that can transmit data at a rate up to 3 Gbit/s and also Gbit Ethernet signals is demonstrated 
[43]. Full duplex point-to-point mm-wave links in the 60 GHz and 80 GHz bands operating at 1.25 
Gbit/s (Gigabit Ethernet) and up to 10 Gbit/s are now commercially available and deployed for outdoor 
bridging applications (Bridgewave, Gigabeam).
4.2.2 Optical frequency conversion
Although electrical frequency up/down conversion has been mainly considered so far frequency 
conversion can also be performed optically by exploiting the non-linearity effects of opto-electronic 
component, such as external modulators, EAM [44, 45, 46], MZM [47, 48, 49]. In this technique an 
optical source is modulated by an IF signal and harmonic up-conversion of the optical signal is realised 
via further modulation with an external modulator driven by an LO [48]. Photonic up-conversion 
approach based on using cascaded optical modulators is also studied [50].
Experiments have been carried out where optical down-conversion of 40 GHz signal to 3 GHz has 
been successfully demonstrated using an EAM [44]. A frequency up-con verier incorporating cross 
absorption modulation in an EAM with its analog performance parameters such as phase noise and
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SFDR were investigated [46]. Three 1 Gbit/s data streams were simultaneously up-converted to 20 
GHz without serious power penalty or errors using a Lithium Niobate waveguide device [51]. An 
uplink system incorporating a 60 GHz photonic down-con version technique is reported [52]. With this 
concept, neither a light source nor a mm-wave source is required at the BS since the mm-wave 
modulated pilot tone is fed from the CS. In the BS, a high speed mm-wave EAM and subsequent 
optical band pass filters are used for the photonic down-conversion. A comparison of different IF band 
modulation for electro-optical conversion is carried out together with data transmission experiments at 
155 Mbit/s [53]. The electro-optical conversion techniques have the drawback of including significant 
conversion loss and sensitivity to the polarisation of optical signals [54]. The sensitivity to modulator 
bias voltage drift also needs to be considered [2]. Also, the modulator bandwidth can impose 
limitations on the frequency range for up/down conversion [55].
Frequency up-conversion can also be achieved using Cross Gain Modulation (XGM) in a 
Semiconductor Optical Amplifier (SOA). When optical IF and LO signals co-propagate through an 
SOA and are detected by a PD, frequency up-conversion is achieved with an SOA and square law 
photo-detection [56]. Optical IF signals modulate the SOA carrier density, which in turn modulates the 
optical LO signal. The conversion efficiency is proportional to the SOA optical gain and LO light 
intensity and can also vary depending on the optical IF and LO signal wavelengths because the optical 
gain in an SOA is wavelength dependent. Non-linear characteristics of the photonic SOA up converter 
under various conditions such as optical LO power and IF signal wavelengths [57] have been 
considered with SFDR measurements. It is found that the SFDR increases with the LO power.
Although, frequency up-conversion using XGM effect in an SOA having high conversion 
efficiency was demonstrated [55], it requires a high optical LO power to saturate the gain of an SOA. 
A method utilising the Cross Phase Modulation (XPM) effects in SOAs that requires a lower power 
than that using the XGM effect has been investigated [58]. This scheme shows good conversion 
efficiency with polarisation insensitivity [59]. Optical up-conversion using an SOA Mach-Zehnder 
Interferometer (MZI) has been reported [54] that provides conversion gain, immunity to polarisation 
and simultaneous up-conversion. Two 155 Mbit/s DPSK IF channels at 2.5 GHz were simultaneously 
up-converted to 22.5 GHz without serious crosstalk and errors taking advantage of the XPM effects of 
the SOA. The SOA-MZI is operated at the minimum transmission point for the second harmonic up- 
conversion. The results indicate that multi-channel WDM WoF signals can be simultaneously up- 
converted without serious crosstalk if the total optical IF power (or the number of WDM IF channels) 
is kept below the power level for the gain saturation of the SOAs.
A frequency up/down converter based on a single cascaded SOA, EAM configuration for bi­
directional WoF system has been demonstrated in [60]. SOA XGM and photo-detection in EAM are 
used for frequency up-conversion and EAM non-linearity is used for frequency down-conversion. Both 
LO and IF are optically provided by the CS for the downlink for frequency conversion. The two modes
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of the optical LO are cross gain modulated by optical IF signals. More recently, a 60 GHz WoF system 
has been demonstrated using this approach [61].
4.3 Local Oscillator Signal Generation
In the IF over fibre scheme, a LO signal is required at every BS for frequency up/down conversion. A 
separate electrical mm-wave LO source can be used and shared between the uplink and the downlink. 
For instance, a low phase noise dielectric resonator oscillator (DRO) can be used. The advantage of 
using a DRO is that the architecture is simplified, since there is no need to distribute the reference 
signal. However, the main problem is the stability of the device since variations in temperature will 
cause a shift in the output frequency. Also due to the high cost involved at mm-wave frequencies 
especially for a large number of BSs and the redundancy in equipment this is not a feasible solution.
The up/down conversion approach may initially appear to add complexity with the remote LO 
delivery. It may be possible to avoid this by incorporating low phase noise microwave monolithic 
integrated circuit (MMIC) oscillators. It is essential that the LO signal be spectrally pure (i.e. with a 
sufficiently low phase noise) since poor phase noise results in amplitude jitter in multi-level (e.g. 
QAM) modulation formats and reduces receiver performance and increases the BER [62, 63]. For 
example, 16 QAM modulation requires a SNR of about 20 dB for a BER of 10‘5. In a typical 40 MHz 
band, this corresponds to an average double sideband noise level lower than -99 dBc/Hz around the 
carrier [64]. More complex modulation formats require even purer signals. Despite the advancement in 
MMIC technologies for mm-wave systems, small and low cost MMIC LOs have yet to be produced 
with sufficiently low phase noise and therefore bulky and expensive oscillators would be required [65]. 
By locating a more expensive low phase noise optical LO source at the CS and remotely delivering its 
output to many BSs it is possible to distribute this expense amongst users.
A common LO signal can be optically generated at the CS and distributed on the downlink to all 
BSs to give exact frequency synchronisation for advanced modulation techniques. The remote delivery 
of the reference LO signal in combination with optical wavelength multiplexing techniques allow 
efficient sharing of the optical infrastructure with the data signals. The potential advantage of this 
single LO system include: simple receiver structure, system cost effectiveness, enhanced system 
reliability, minimised laser phase noise and drift as well as easy system expansion [66]. At the mobile 
station (MS), the LO is generated by means of a microwave oscillator or DRO. The spectral purity of 
the LO generated at the MS is less critical than that of the BS, since the MS can synchronise accurately 
with the BS. DROs are not suitable for generating LO at the BS as previously discussed, due to thermal 
drift. Depending on the frequency at which the LO needs to be transmitted to the BS several remote 
delivery schemes can apply.
The simplest approach is to transmit the LO signal at mm-wave frequencies over the optical link. 
Upon photo-detection at each BS, the LO is amplified before being split and fed to the up/down- 
converting mixers. However, this requires large bandwidth photo-diodes at the BS which are expensive
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and show poor responsivity. An alternative is to consider transmission of the LO at IF rather than mm- 
wave frequency. At IF (<10 GHz), commercially available laser can be directly modulated. Upon 
detection, the LO signal at IF is amplified and then can be converted to mm-wave by one or several 
frequency multipliers before feeding to the mixers for frequency conversion [67]. This provides a cost 
effective solution since the need for the high bandwidth photo-diode is removed. However, generating 
a spectrally pure LO signal at mm-wave frequency when cascading several frequency multipliers is 
challenging.
Various optical mm-wave generation techniques are available and these can be categorised into 
systems using dual semiconductor laser sources, single laser sources and dual mode semiconductor 
laser sources [68, 69]. A comparative study is carried out in [70] highlighting issues such as cost and 
complexity for these techniques. A wide variety of optical heterodyne techniques can be used to 
generate a sufficiently narrow line width signal at mm-wave frequencies which is dispersion tolerant 
[62].
43.1 Optical heterodyne techniques
Heterodyne techniques have been investigated as a potential source for Wireless over System (WoF) 
systems by Simonis et al [71]. In this scheme two laser sources are operated so that their wavelengths 
differ by the required microwave or mm-wave frequency [72]. The resulting electrical beat term output 
from the photo-diode is then the mm-wave carrier frequency. An optical heterodyne LO source can be 
assumed to have two independent optical modes with optical angular frequency of col and co2. The 
electrical beat signal at the optical frequency difference [co2-<o i ] of two optical modes can be produced.
This technique of heterodyning can produce high frequency (limited only by the photo-detector 
bandwidth) and high power microwave signals. The major drawback with this method is the complex 
circuitry and the requirement for the two optical signals to be phase correlated since the phase noise in 
the laser source directly translates into phase noise of the generated microwave signal. This requires 
the optical signals to be of very narrow linewidth or to be highly correlated leading to more complex 
solutions using Optical Injection Locking (OIL) and Optical Phase Lock Loop (OPLL) techniques.
In the OIL scheme [73], light from the master laser (ML) is injected into the slave laser (SL) to 
lock its frequency. OIL offer the advantage of using cheaper broad linewidth lasers to generate stable 
narrow linewidth signals and exhibits good phase noise suppression, but the disadvantage is that OIL 
has a small detuning range and hence the performance is limited [74].
In the OPLL technique [75], two optical sources are used to produce a beat signal at the desired 
LO frequency. If their optical phase are not synchronised or well correlated, the beat signal will have 
the linewidth as broad as the sum of the line widths of two optical sources. To achieve narrow 
linewidth, the OPLL employs electrical feedback, where a sample of the optical power is tapped off 
and detected in a photodiode. The phase comparison between the photo-detected beat signal and the 
electrical reference oscillator is made using a microwave mixer as a phase detector [76]. The resulting
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phase error signal is filtered with a loop filter and fed back to the SL to track phase fluctuations of the 
ML. Since the phase fluctuations of the ML are tracked by the SL, the detected beat signal exhibits 
good spectral purity. The OPLL technique has wide locking range and good tracking capabilities but 
the fundamental problem is the loop bandwidth and hence the phase noise reduction is limited by the 
practically achievable loop delay which can be challenging. For stable operation of the OPLL, wide 
loop bandwidth as well as short propagation loop delay is required. Optical feed-forward modulation 
technique achieves the same effect as the OPLL and overcomes the problem of loop delay 
minimisation but has strict requirements on delay matching. The phase noise on the generated beat 
signal is compensated by a feed-forward technique, which feeds the generated error signal forward to a 
MZM in one laser path [77].
To overcome the problems associated with OIL and OPLL, a technique which combines both to 
form an Optical Injection Phase Lock Loop (OEPLL) is used [79]. This method benefits from phase 
noise suppression from OIL and an extended locking range provided by the OPLL. Also the problem 
of short loop propagation delay becomes less important in OIPLL with the advantage that ordinary 
broad linewidth lasers can be used. The disadvantage of this technique is the level of complexity since 
both OIL and OPLL are combined.
In the OIPLL Figure 4.1, the ML is modulated at a sub-harmonic frequency of the desired mm- 
wave provided by the reference oscillator. Some of the light output from the ML is injected into the SL 
via an optical circulator. The optical circulator also ensures that no light is reflected back into the ML. 
The SL is tuned to lock onto the n* harmonic sideband produced by the ML. The required mm-wave 
frequency is the offset between the two optical signals [80]. The optical output of the two lasers is then 
combined in an optical coupler and a sample is fed into the OPLL loop which is detected, amplified 
and then compared in a mixer. The output is filtered through a loop filter and passed to the SL. In this
To photodetection and
AD
PDLF
Figure 4.1 Experimental arrangement for the fiber based OIPLL system. ML: master laser, SL: slave laser, PD: 
photo-detector, LF: loop filter, AD: adjustable delay line. Thick line indicates the optical path [78]
way, both the OIL and OPLL are combined to produce OIPLL. Johansson et al demonstrated a 36 GHz 
140 Mbit/s ASK modulated carrier transmitted through 65 km of fibre using an external optical 
modulator at the output of an OIPLL source [81, 82]. In 2002, a 36 GHz 68 Mbit/s DPSK signal
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transmission over 65 km SMF without amplification and dispersion compensation with a BER of 10'9 
was demonstrated [83]. Martinez et al [84] demonstrated transmission of 155 Mbit/s BPSK data at 40 
GHz over a 2.2 km standard SMF using a harmonic generation technique to generate the mm-wave 
modulated signal. Other techniques such as double sideband suppressed carrier (DSB-SC) [85], and 
sideband injection locking [86] have also been reported.
Double Sideband-Suppressed Carrier (DSB-SC)
Using a MZM, two optical modes with the desired LO frequency separation can be obtained. Because 
the centre optical carrier is suppressed, it is called DSB-SC modulation. Since the two optical modes 
originate from the same source, their optical phase is correlated. Therefore, a low phase noise beat 
signal can be obtained after photo-detection without any feedback. This is also known as the frequency 
doubling technique and has the advantage that the modulator bandwidth is halved. However, an 
additional optical amplifier is required to increase the output power since the modulator should be 
biased at Vk for carrier suppression. A fourth harmonic generation technique using two MZ 
modulators connected in series has been investigated and a 42 GHz signal was generated from 10.5 
GHz modulating input signal [87]. Generation of 76 GHz signal was demonstrated using MZ LiNb03 
modulator equivalent to a fourth harmonic at the input frequency fm, with a 19 GHz signal input [88].
Sideband Injection Locking
The sideband injection locking can also be used for optically generating mm-wave signals with low 
phase noise and experimental demonstrations have been reported [68]. In this scheme, the ML 
modulation frequency is a sub-harmonic of the desired beat frequency and this can significantly reduce 
the required bandwidth of the ML and the operating frequency for the RF source. Braun et al. have 
successfully generated mm-wave signals in the 60 GHz range [86]. The two SLs are injection locked to 
the 10th modulation sidebands of a ML giving a frequency spacing of the desired mm-wave frequency. 
The operating principle of the sideband injection locking is that when a DFB laser acting as ML is 
directly RF modulated it produces multiple sidebands that have the frequency separation of the RF 
modulation frequency. Two of these sidebands having the required frequency separation are used to 
injection lock two separate DFB lasers acting as SL. The two injection locked SL are synchronised to 
each other since they are both locked to the same ML. When the output from the two SL beat in the 
PD, the desired mm-wave signal is generated with low phase noise. The drawback of this approach is 
that the SL should be carefully controlled with laser injection current and temperature in order to be 
locked to the desired sideband due to the narrow locking range. When the SLs are injection locked to a 
certain sideband, the presence of adjacent sidebands that are not involved in injection locking can 
influence the spectral characteristics of the resulting beat signals and the overall system performance.
In this thesis a 40 GHz LO source is optically generated at the CS by injection locking two slave 
DFB lasers to two sidebands of an externally modulated master tunable laser. Two optical components
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are generated separated by the mm-wave frequency at the CS and then detected by the square law 
action of the photo-detector at the BS. Figure 1 illustrates the experimental arrangement of this 40 GHz 
LO source [89]. The received mm-wave LO signal at the BS is used for frequency up/down conversion 
of the data. The conversion loss of the mixer varies with the LO power. Therefore the received optical 
LO power at the BS is critical for optimum operation of the mixers and the overall system 
performance. Maximising the received LO power is essential for efficient operation of the mm-wave 
mixers.
Polarisation
Controller
.. QQQ i
Polarisation
Controller
n m Optical 
Output 1
50/50
Input
Couplers 50/50
Output
Couplers
Optical
Circulators
Optical 
Output 2(JUO ' Polarisation 
Controller
Slave DFB 1
Slave DFB 2
Tunable Laser
MZ
Modulator
20 GHz Microwave 
Signal Generator
Xq: 1543.65 nm
Figure 4.2 Proposed 40  GHz LO source
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4.4 System Architectures
Millimetre-wave over fibre systems have been proposed for both broadcast [90] and dedicated access 
applications [91, 92]. In Broadcast applications such as with cable television same information is 
distributed to multiple users. In contrast, dedicated access applications require bi-directional 
information transfer for individual access. The difference between the distribution and individual 
broadband access type is important because different network architectures can perform well for one 
type, but poorly for the other. The optical generation and transportation of mm-wave signals can be 
categorised into several distinct techniques which determine the architecture of the wireless over fibre 
system. In this section a number of different architectures for distribution of broadband wireless signals 
are investigated.
4.4.1 Star
One of the common architectures used is the star topology shown in Figure 4.3 where the CS feeds 
remotely located BSs via an independent optical link [93]. Since each BS is fed individually the 
architecture has the advantage that it is highly reliable and easy to maintain and upgrade [94]. This is 
because if one link is destroyed or does not function, all the other links still operate and remain 
unaffected. Similarly, individual links can be upgraded as required, without affecting the operation of 
others. Another characteristic of the star network is that since each arm is dedicated to a specific BS, 
each arm can be treated as independent point to point link. However, the star architecture is the most 
expensive in terms of infrastructure cost since a large amount of fibre need to be installed.
BS
BSBS
Central
Station
BSBS
BS
Figure 4.3 Star network architecture
The optical delivery of the LO is easier in the star network, given that no optical add and drop, 
filters, are required from the output of the CS to the BS. The LO is optically amplified at the CS using 
an optical amplifier before splitting [95]. Since no multiplexing technique is required (unless hybrid 
star-tree architecture is employed) excellent channel isolation (no crosstalk impairment) is obtained. 
Multiplexing may be used within each BS to save on the number of fibres required for the downlink 
carrying data signal and LO and the uplink as shown in Figure 4.4. At the BS a circulator can be used 
to direct the uplink and the downlink signals in conjunction with add/drop filters to separate the LO
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and data signals. Another implementation is to use a Mux/Demux at the BS to separate the downlink 
and the uplink signals. This leads to fewer components and simplifies the BS.
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Figure 4.4 Wireless over fibre star network architecture 
A number of hybrid architectures have been proposed that combine performance, ease of 
maintenance, and upgrade advantages of the star network with lower installation costs [96]. These 
architectures include double star arrangements and hybrid star-tree shown in Figure 4.5. In the double 
star topology, passive splitting is implemented at each remote node (RN) using a passive 
splitter/combiner as shown in Figure 4.5a. In this configuration, fibre is shared between the downlink 
and the uplink between the CS and the RN. This approach has already been reported and benefits from 
reduced fibre count [97]. On the downlink, signals are split and sent to all BSs. An optical amplifier is 
used prior to splitting of the LO signal to compensate for the loss at the coupler. On the uplink, various 
BSs send their signal on a separate wavelength, each of these wavelengths is then combined at the RN. 
Thus, on the uplink, the splitter is used as a combiner. With passive splitting the RN is greatly 
simplified and is less expensive in comparison to the de-multiplexing approach. While a practical 
implementation of a passive double star incorporating a splitter at each of the remote node has been 
described by Kumozaki [98] the major disadvantage highlighted for passive splitting is that added 
complexity is required at each BS for network synchronisation so that the CS could distinguish 
between the radio signals from different BSs sharing a single wavelength.
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Figure 4.5 Implementation o f  a (a) double star architecture using passive splitting and (b) Star-Tree architecture 
using Mux-Demux
Chapter 4: Wireless over Fibre Systems and Networks 160
4.4.2 Star-Tree
A similar but alternate approach to a passive splitter at the end of the arm of the star is to de-multiplex 
the signals into individual wavelengths for providing broadband wireless access as shown in Figure 
4.5b. The technique consists of a hybrid star-tree architecture connecting the remote BS to the CS by 
incorporating WDM of the optical signal and was proposed by Smith et al [99]. In this architecture 
(Figure 4.5b) each arm of the star transports multiplexed signals from the CS to a RN using a WDM 
link. The RN is connected to a set of BSs. The fibre link from the CS form the star part of the 
architecture, while the tree part is at the RNs with each branch feeding different BSs [26]. A RN de­
multiplexes the input signal and distributes various wavelengths to the corresponding BSs [100]. At 
each RN, the LO (Ao) along with other signal wavelengths (Ai, An) are de-multiplexed and then sent to 
its dedicated BS, rather than sending all wavelengths to every BS and then filtering the undesired 
wavelengths. When de-multiplexing at the RN on the downlink, the LO is extracted along with the 
other channels by a Demux and is amplified before being split into 7 equal arms for distribution to the 
BSs. Each of these arms is then recombined with one of the extracted channel by means of a 3 channel 
MUX before being sent on a separate fibre to a specific BS. On the uplink, various BS send their 
individual signal on a separate wavelength. Each of these wavelength is then combined at the RN and 
transported towards the CS where they are de-multiplexed. A different wavelength is used for uplink 
and downlink transmission. Optical circulators together with add/drop filters may also be considered as 
an alternative solution to multiplexers and de-multiplexers. However, the circulators have a limited 
bandwidth (typically 120 nm) which restricts the maximum number of wavelengths to be delivered to 
the RN. Various network layouts are discussed for the star-tree architecture in [101]. SCM can be used 
with optical wavelength to provide multiple radio frequencies with each radio cell.
One advantage of incorporating WDM is the possibility of sharing the downlink optical 
wavelength sources between different stars from the same CS, re-using the WDM optical spectrum in 
each separate star. These multiplexing schemes allow sharing of equipment at the CS and therefore 
enable simple networks to be implemented. This includes the sharing of a low phase noise mm-wave 
LO. In addition, WDM of the signals within the fibre can simplify the network architecture and 
improve deployment, since it enables full duplex operation on a single fibre and also allow different 
BSs to be fed by a common fibre. Also the optical links between the CS and the BSs are almost 
identical (unlike a ring network), providing a relatively uniform signal quality to each BS.
A full duplex star-tree network using WDM and SCM has been demonstrated at 35-40 GHz using 
155 Mbit/s BPSK channels on the downlink and 58 Mbit/s BPSK channel on the uplink [99]. The 
proposed WDM/SCM star-tree architecture is capable of providing individual customer access to 
broadband services and a maximum of 7 BSs should be connected to the RN which may not be 
enough. However, if CWDM technology is used as a cost effective solution, then it is not possible to 
use more than 18 channels (assuming that each channel operate on a separate wavelength). For each
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BS, two wavelengths are required for the uplink and downlink. In this scenario, a maximum of 7 BS 
thus correspond to 14 channels, and an additional one for the LO (which makes a total of 15 channels). 
It was shown in [97] that clustered star-tree architecture can provide wider coverage as compared to the 
simple star-tree architecture. The capacity limitations of WDM WoF system incorporating both 
wavelength interleaving and OSSB with carrier modulation for a star-tree architecture is analysed in 
[102]. The analysis shows that an amplified link is essential for transmission distance of greater then 
10 km. If optical amplifiers are used then the placement of these is crucial to the overall network 
capacity and performance. Hence, there is a trade off between cost and network capacity. The results 
are summarised in Table 4.1.
Network Topology Reach Length 
(km)
Span-out 
Length (km)
Remote Node 
Loss (dB)
Comments
Passive <9 1 <6 Limited by optical 
link efficiency
Pre-amplification <39 5 13 Limited by EDFA 
saturations
Post amplification 50 5 13 Active remote node 
required
Pre- and po6t 
amplification
50 5 13 Needs > 2.S dB 
gain at post 
amplifier
Table 4.1 Summary of the network dimensions achievable for the star-tree architecture with different network 
topologies [102]
The limitation of the network for a large scale also need to be considered and it is necessary to 
examine the potential crosstalk effects in this architecture. The most important characteristic is that the 
effects of incoherent homodyne crosstalk within optical components are not present in this architecture, 
since the Mux/Demux functions do not involve multiple signals at the same wavelength. This 
advantage has been achieved at a cost when compared to the ring architecture. This cost arises since 
the downlink and uplink wavelengths are constrained to be different in order to allow the downlink and 
uplink signals to share the same star fibre. Therefore if N wavelengths are available, the maximum 
number of BSs that can be serviced by a single star arm is N/2. For the ring network, if there are N 
wavelengths available then N BSs can theoretically be served. A technique that could minimise linear 
crosstalk is to modulate adjacent channels on orthogonal polarisation states as demonstrated by 
Kitayama [103]. In the star-tree architecture, this could produce a dramatic improvement in linear 
crosstalk behaviour, since most crosstalk arises from wavelengths close to the required wavelength. 
Such a scheme allows more wavelengths to be closely spaced in a dense WDM architecture and 
therefore allow more BSs to be serviced by a single fibre.
4.4.3 Bus
A bus network has been proposed as an alternative to a star network [95] and can be considered as a 
variant of a ring architecture in which the end of the fibre is not connected back to the CS, as shown in 
Figure 4.6. Two kinds of bus architectures have been considered: the single bus where a downlink fibre
Chapter 4: Wireless over Fibre Systems and Networks 162
links the CS to all BSs, with an Optical Add Drop Multiplexer (OADM) at each node dropping the 
required wavelength to a particular BS. A separate fibre is used in the uplink, with the BS adding a 
wavelength to the fibre linking all BSs to the CS (i.e. BSs receive signal from the top half of the bus 
and transmit from the bottom half). The other type is the double bus, where BS transmits and receives 
on both arms. A BS uses the top bus to send signals to its right and the bottom bus to send signals to its 
left. The double bus requires two transmitters and receivers at each station while the single bus requires 
only one of each per station [95]. However, the double bus can support a larger number of stations than
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Figure 4.6 Wireless over fibre system incorporating bus architecture
the single bus because a transmission has to go through fewer taps before reaching its destination. The 
longest link in the single bus is from the CS to the last BS, with equal uplink/downlink distances unlike 
in the ring architecture. The bus architecture offers the advantage of low installation cost, compared 
with the star network due to reduction in the number of fibre links to the CS. However, the 
disadvantage is that it is difficult to achieve the same signal quality for each BS or customer. This is 
because the received signal is a function of the transmission distance and the number of nodes passed. 
The signal quality is thus dependent on the size of the network and the position of the RNs. Hence, the 
signal received by the BS at the far end of the bus network experiences maximum loss.
A bus network which overcomes the signal quality issues in a WoF network was proposed by 
Regan et al [104]. The author incorporated a module that detects the optical signal, and then splits the 
electrical signal. One portion of the RF signal from the splitter is directed to the BS, while the other 
portion is directed to another laser source for further transmission through the network. The major 
disadvantages with this technique are the complexity of the BSs and the difficulty and unnecessary 
expense required to extend this concept to incorporate WDM techniques. Also the requirement for 
linear lasers with increased channels needs to be considered. This is because the wavelengths must be 
individually detected and transmitted at every node.
To overcome this scaling problem, WDM techniques can be incorporated so that one fibre can 
transport signals for multiple BSs by feeding each BS with a unique wavelength. Kojucharow et al 
[105] proposed a WDM bus network in which FBGs are used at each node to drop wavelengths to each 
BS in the downlink. A separate fibre was used in the uplink to add the same wavelength back into the 
uplink fibre using a second FBG. Paolella et al [106] implemented a system demonstration of a WDM 
bus network using four wavelengths in both downlink and uplink directions. A single wavelength is 
dropped at each BS, with the same wavelength being added to the separate uplink fibre. A 30 GHz
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mm-wave wireless over fibre system with DWDM channel spacing of 12.5 GHz bus architecture has 
been demonstrated by Zhang et al [107]. Examples of bus networks demonstrate the functionality of 
such a type of network for a WoF system but do not discuss system constraints.
4.4.4 Ring
In the ring configuration, Figure 4.7 wavelengths are multiplexed at the CS using WDM and then sent 
around the ring [26, 108]. The ring connects N BSs via a single unidirectional fibre path. OADMs are 
located around the ring to add/drop individual wavelength to the particular BS. Either the same or a 
different wavelength can be added back into the ring in the uplink direction. The main difference 
between the ring and the bus network is the fibre layout, which form a loop for a ring network, 
terminating at the CS. The advantage of the ring is low installation cost compared with the star 
network due to reduction in the number of fibre links to the CS. However, the disadvantage is that a 
large number of optical components are required for add/drop. Also since the CS to BS link distance is 
unequal, it is difficult to guarantee the same signal quality to each BS or mobile user. This is because 
in the ring network, the received signal quality is a function of the transmission distance and the 
number of nodes the signal pass through. For example, the downlink channel for the last BS of the ring 
will experience maximum loss and generally be worse than those channels for the first BS. The signal 
quality is thus dependent on the size of the network and the position of the RNs. Another important 
issue with the ring architecture is the complexity in upgrading the network to include new BS. To 
achieve this it is necessary to interrupt a number of other BS fed by the ring.
Ring networks are deployed extensively in metropolitan and longer haul networks due to their 
greater reliability while traditional access networks use a star architecture as this minimises the optical 
component cost. For short distance applications (picocells), the ring topology may not be considered 
effective due to high cost and increased complexity. A ring architecture can also include multiple rings 
from a single CS. This makes it possible to share downlink WDM sources between independent 
primary rings. A fibre ring connected to the CS forms a primary ring, while secondary rings can be 
created at RNs with multiple wavelength ADMs. Each of the BSs fed from the CS via the primary ring
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Figure 4.7. Wireless over fibre system incorporating a ring architecture
Chapter 4: Wireless over Fibre Systems and Networks 164
have their own unique WDM wavelength, which is used for both the downlink and uplink directions 
(i.e. the total number of WDM channels is equal to the number of BSs fed via a primary ring).
Haner et al [109] demonstrated a ring architecture with OADM used to direct the downlink and 
uplink information to the corresponding BSs. An alternative approach to the add/drop multiplexer is 
using optical filters based on Fibre Bragg Gratings (FBGs) at the receiver BS. The optical filter can be 
used for selecting a channel in the system [110]. A WDM ring was implemented by Heinzelmann et al 
[111]. Each OADM comprised two FBGs and two optical circulators. While each BS was allocated a 
single wavelength, different wavelengths were used for the downlink and the uplink. Interestingly the 
authors used an EAT at the BS, which detected the downlink wavelength and simultaneously 
modulated the unmodulated wavelength originating from the CS for the uplink [112]. This 
configuration simplified the BS architecture since all optical sources were at the CS, although it 
requires an extra FBG at each OADM. An additional benefit of using different wavelengths is that in- 
band crosstalk is eliminated. OADM with multiple phase shifted FBG for a mm-wave WoF system are 
demonstrated in [113]. Lim et al [102] proposed a wavelength interleaving method that increases the 
spectral efficiency of a mm-wave WoF network. The ring network topology is identical to that in 
Figure 4.7 with an OADM dropping a wavelength to each BS, with the same wavelength being added 
back into the ring in the uplink direction. The spectral interleaving technique requires a specially 
designed OADM. A single ring node demonstrated the feasibility of the technique. A power penalty of 
less than 0.5 dB was caused by the adjacent out of band wavelengths. A mm-wave WDM system 
incorporating 25 GHz channel spacing in a ring network is demonstrated [114]. The capacity 
limitations of a WDM ring incorporating wavelength interleaving where each BS drives a sectorised 
antenna interface is investigated [30]. The placements of EDFA were considered at various points 
along the ring [102].
The advance in WDM networks has introduced a demand for wavelength selective OADM to 
separate/route different wavelength channels. A WDM optical add/drop extracts one or more 
wavelengths from a fibre (drop function) and re-inserts these wavelengths (add function), a very 
important function in WDM ring as well as point-to-point links. They can be used at different points 
along the optical link to insert/remove or route selected channels increasing the network flexibility. 
This feature is particularly important in metropolitan WDM light wave services where offices or sites 
can be connected by different add/drop channels. There are two main types of OADM that can be used 
in WDM optical networks, fixed OADM that are used to drop or add data signals on dedicated WDM 
channels, or reconfigurable OADMs that use control electrical signals to alter the selected channel 
routing through the optical network. Reconfigurable devices perform add/drop on single, a group of or 
all wavelengths whilst the reminder pass straight through the device. The main feature of the 
reconfigurable OADM is to provide flexibility in re-routing optical data, bypassing faulty connections, 
allowing minimal service disruption and the ability to adapt or upgrade the network.
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Bidirectional wavelength add-drop multiplexers using multi-port optical circulators and FBG have 
been proposed and experimentally demonstrated [115]. A bi-directional node for a WDM ring network 
is demonstrated [116, 117] and the performance of these add/drop multiplexers is not degraded by 
backscattering light. Ring networks with bi-directional WDM add/drop multiplexers having built in 
EDFAs have been analysed in [118]. All WDM channels can be added or dropped independently in 
each direction. The bi-directional properties of the ring minimises the number of pass through nodes 
before reaching the destination, thus improving the network efficiency. However, such bi-directional 
networks rely on the realisation of bi-directional add/drop multiplexers and bi-directional optical 
amplifiers.
Two desired features of OADM are low insertion loss and low crosstalk between adjacent 
channels [119]. The two main parameters related to the isolation of channels in an add-drop 
multiplexers are the through port isolation of a dropped channel and the drop port isolation of through 
channels. These two parameters represent the sources of the inter-channel crosstalk for the devices.
It is also important to consider the reliability, survivability and the complexity of upgrading the 
network. In particular, where part of a ring network requires maintenance or a node fails, then this can 
affect the complete network [120]. A key feature of the ring networks in general is their ability to 
provide increased reliability if a second fibre is used, allowing a loop protection scheme to be used in 
case of link or node failure. A number of dual fibre architectures have been proposed to provide 
protection in such circumstances [121]. In the dual fibre ring network, N nodes are interconnected with 
two counter directional fibre rings [122]. A broad band DWDM/SCM fibre wireless access network 
based on two level bi-directional path protected ring architecture is experimentally demonstrated [120]. 
In this architecture, the CS connects many RN via a dual fibre ring. Each RN cascades many wireless 
access points and can serve many customer units wirelessly. The CS is equipped with two sets of 
devices: one for normal operation and the other for standby. A RN includes a protection unit (i.e. 95/5 
coupler and controller), bidirectional wavelength add/drop multiplexers. Experimental results 
demonstrated fault restoration in the ring and the architecture can perform self healing function under 
link failure. The network can automatically recover the fibre failure by monitoring the received optical 
signals. The CS can restore a set of standby devices and then reconfigure the ring network into two 
separate rings.
To estimate the scalability of the ring network, it is important to calculate the maximum size of 
the ring limited by the insertion loss of cascaded OADM. The addition of an extra OADM introduces 
insertion loss in the ring network. The key for successful operation of a ring network is to employ 
OADMs with low insertion loss and high crosstalk rejection. While these additional loss terms can be 
compensated for via the use of EDFAs, the different distances between the CS and the various OADMs 
result in different signal quality at each BS due to unequal CS to BS fibre length. It is possible to have 
a transmitter scheme where the power levels at the CS and uplink BS sources vary for each channel so
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that the signal quality at each BS is at a constant optimum level. However, this also affects the 
dynamic range limitations for the link.
4.4.5 WDM and Crosstalk in wireless over fibre networks
The need to transmit greater amount of information, coupled with the need for low cost has led to the 
increasing importance of WDM systems [123]. This involves multiplexing multiple wavelengths and 
transporting them on a single fibre. In WoF networks, each BS can be assigned a single wavelength. 
This means that each BS can have access to the full bandwidth available on each wavelength, allowing 
wireless users to have access to more bandwidth. WDM offers many benefits and allows sharing of the 
optical infrastructure between multiple wavelengths (optical amplifiers, fibre) reducing the overall cost 
of the network. In addition, WDM allows a single CS to serve (simultaneously) a number of BSs, 
which simplifies the network architecture. Equipment can be shared at the CS, which enables better 
utilisation of network resources and reduces the complexity of network management [124]. Future 
demands can be met by designing the network for more wavelengths and adding the appropriate 
equipment as demand increases. There has been extensive investigation into the use of WDM for 
access networks [125]. In particular, incorporation of WDM technologies into star, double star, ring 
and bus architectures has been examined [126, 127]. Dense WDM (DWDM) systems include guard 
bands between optical carriers to allow for laser frequency drift. The ITU has set a 100 GHz (0.8 nm) 
as the standard channel separation, but this has been reduced to 50 GHz (0.4 nm) and further to 25 
GHz (0.2 nm) [114] and 12.5 GHz (0.1 nm) [107]. Making the channel spacing narrower is an 
alternative to higher per-channel data rate.
Compared to DWDM, Coarse WDM (CWDM) allows cost savings by using uncooled laser diodes 
[128]. With the temperature control free approach the peltier cooler is eliminated leading to a compact 
and cost effective solution. The ITU has defined 18 wavelength channels for CWDM currently 
specified with nominal wavelengths ranging from 1270 nm to 1610 nm (in accordance with the ITU- 
T.694.2 CWDM grid) with 20 nm standard for channel spacing. Although the number of channels that 
can be used with CDWM is smaller than with DWDM, CDWM does not require narrow optical filters, 
cooled optical sources, or control techniques due to the wider channel spacing. CWDM filters and 
add/drop modules are also cheaper than DWDM ones. Therefore, CDWM is preferred for cost 
effectiveness.
A WDM network requires wavelength selective optical components that can multiplex or 
demultiplex channels or OADMs that can drop or add channels [129]. Such components are imperfect 
and usually do not have perfect isolation between wavelength channels and can not fully remove 
unwanted channels. Although optical components can reject adjacent wavelength channels by 30 dB or 
more, some residual signals will still be present. An important consideration that arises is the potential 
impact of optical crosstalk due to these imperfect optical components. Crosstalk is the action of power 
transfer between channels i.e. leakage from other optical signals on a detected signal. Optical crosstalk
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in WDM optical networks can degrade the received signal quality, increasing the BER and affecting 
the signal quality and network performance. This must be taken into account when designing a 
network, so that the levels and power penalties are acceptable. The additional power required at the 
receiver to counteract the effects of crosstalk, such that the BER is kept constant, is known as the 
power penalty. Optical crosstalk is one of several sources of degradations in the link. Other sources of 
signal degradation include amplified spontaneous emission (ASE) noise due to optical amplifiers, fibre 
chromatic dispersion, fibre non-linearities etc. The impact of optical crosstalk in a WoF system 
incorporating WDM has been investigated [130, 131].
The impact of optical crosstalk depends on the modulation scheme used to transmit data. The data 
can either be sent at baseband or at an intermediate or radio frequency via sub-carrier modulation. The 
nature of the optical modulation scheme has implications for the design of the CS and the BS and 
potentially for optical crosstalk. A comparison of crosstalk penalty in WDM networks for externally 
and directly modulated lasers has been carried out [132]. In order to characterise the crosstalk effects in 
digital baseband transmission systems (physically), BER measurements have been performed [133]. 
The effect of optical crosstalk arising in mm-wave WoF network was investigated by Moura et al 
[134]. Mitchell et al [135] investigated the case of an optical carrier modulated with a quadrature 
amplitude modulated (QAM) sub-carrier. BER curves are presented and QAM is shown to suffer more 
crosstalk compared to standard modulation. The authors identify the fact that crosstalk affects both the 
amplitude and the phase of the QAM signal. Crosstalk in a metro scale ring network with passive 
optical add/drop has been reported by Feuer et al [136] and reduction in crosstalk is achieved by the 
isolated 2 stage add/drop multiplexers.
The optical crosstalk can be divided into two broad categories depending on whether the crosstalk 
channel is at different wavelength to the signal or at the same wavelength (out of band and in band 
crosstalk, respectively). First, the crosstalk terms that are carried on wavelengths different from the 
wanted signal wavelength are defined as linear crosstalk. This type of crosstalk does not severely 
impair network performance as it is at a different wavelength as the desired signal. These crosstalk 
terms can be removed by careful selection of optical filters [137] and therefore the crosstalk level do 
not necessarily accumulate over multiple nodes. The second type of crosstalk term is that which 
induces unwanted terms within the frequency band of the required signal (i.e. when the crosstalk signal 
is at the same wavelength as the desired signal). This is referred to as in band crosstalk or as 
interferometric noise or homodyne crosstalk [138]. With such crosstalk, it is not possible to remove the 
unwanted signals and the crosstalk level therefore accumulates over multiple nodes. It is much more 
detrimental to the signal as optical mixing of the optical fields upon photo-detection creates mixing 
terms that further degrade the signal compared to the out of band case [139]. Furthermore, since it is at 
the same wavelength as the signal it cannot be filtered. Typically this type of crosstalk arises from any 
point in the network where two signals at the same nominal wavelength are present for example, at 
MUX and DEMUX combinations [140]. Unwanted optical reflections induced at splices and
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connectors can also give rise to interferometric noise and the effects of these reflections have been 
examined in [141].
4.5 Gigabit System Performance
In this section a specific architecture is analysed: the proposed low cost mm-wave Gigabit system 
(Figure 4.8). Link budget calculation is carried out for verification of the system performance together 
with simulation using Optsim. In brief the operation of the system is as follows. The LO and the IF 
signals are generated at the CS in the downlink and transmitted over fibre to the BS where frequency 
up-conversion takes place of the IF before the signals are radiated to the customer units. In the uplink 
mm-wave signals are radiated from the customer unit to the BS where it is down-converted to IF to 
modulate (directly) an uncooled DFB laser, the output of which is transported to the CS. The selection 
of the modulation scheme determines system bandwidth, sensitivity and complexity. Differential Phase 
Shift Keying (DPSK) is used, so that the receiver does not require a carrier synchronisation circuit and 
is easy to implement. A detailed system description is given in Chapter 5.
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Figure 4.8. Full diagram for the mm-wave Gigabit wireless over fibre system (S=Splitter for LO)
Remote delivery of LO
The LO power at the input of each mixer used experimentally (Miteq TB0440LW1) at the BS should 
range between 10-15 dBm. A schematic for the LO delivered to the BS is shown in Figure 4.9. If the 
electrical LO power for the mixers is fixed to 12 dBm, then the minimum optical LO power required at
IF DM
LO
IF OUT-
Base Station
Photo-diode
RF
30 GHz Photo-diode
13 dBm
LO 
12 dBm
-3 dB 
Splitter
R=0.5 A/W LO 
12 dBm——  r i ia o
—~  ^  IF RF
Laser
TX
RX
\ /
Figure 4.9 LO delivery at the BS for frequency up/down conversion
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the photo-detector input can be determined. The 50 GHz photodiode (u2t) has a responsivity of 
approximately 0.5 AAV. Assuming that the photo-detected current is delivered to a 50 Ohm resistor 
(Rl), then the received optical power at the photo-diode (Loss due to connectors are neglected) can be 
calculated as:
Poo, (4.1)
Pl Electrical power delivered to the load resistor
Rl Load resistance (50 Ohm)
91 Photodiode responsivity (0.5 A/W)
Thus, the optical power required at the input of the photodiode is Popt = 0.050 W (17 dBm). This 
power is too high to be transmitted and fibre non-linearity effects cannot be ignored. As a result, 
amplification is required either electrically or optically. An RF amplifier is required following the 
photodiode for boosting the LO signal prior to splitting. Using a 35 dB electrical gain the power 
required at the output of the photodiode is -20 dBm. The optical power at the input of the photodiode is 
therefore Popt = 0.89 mW (-0.50 dBm). The output power of the SpaceK amplifier (SLKa-35-4 35) is 
15 dBm, which is 2 dB below the gain compression output power of 17 dBm (maximum gain is 35 dB 
with a noise figure of 4 dB from manufacturer’s specification). The advantage of this approach is that it 
is less expensive than using an optical amplifier. An alternative is to use an optical amplifier to boost 
the LO signal before detection. However, it is more expensive since an optical filter is required to limit 
the noise detected at the photodiode. Although using an electrical or optical amplifier will satisfy the 
LO requirement for one BS, sufficiently large gain is desired to allow sharing of the LO amongst many 
users using both electrical and optical amplifiers.
Ring Network
The ring network discussed in Section 4.4.4 is experimentally demonstrated in Chapter 5. The OADM 
employed in the ring architecture shown in Figure 4.7 is constructed using low cost coarse wavelength 
division multiplexing (CWDM) filters having a bandwidth of 13 nm from the centre wavelength. Each
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Figure 4.10. Schematic diagram of an OADM used in the ring architecture
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OADM consists of an LO drop filter, an optical coupler to couple the desired amount of LO signal for
the particular BS, an add filter to route the LO signal back into the ring network, a drop filter for the
downlink IF signals and an add filter for the uplink IF signals. The schematic for the OADM is
presented in Figure 4.10. It should be noted that the last BS in the ring will only have a drop LO filter.
Each OADM can be considered as a 4 port module
Port 1 input - all wavelengths to the device
Port 2 output - drop LO signal wavelength
Port 3 output - drop signal wavelength (downlink)
Port 4 input - add signal wavelength (uplink)
Assuming that the add/drop filters each have an insertion loss of 0.5 dB and considering the maximum 
optical LO power that can be transmitted down the fibre then the number of BSs that can be supported 
by the LO are calculated. The LO filters in the OADM are labelled as (a) and IF filters as (b). A.] is the 
downlink signal and V  is the uplink signal for BS1.
LO Distribution
Plo is the optical LO power required at the output port of each BS (1 mW or 0 dBm)
P0(D'1) is the optical LO power at the input to the BS or the optical power from the previous BS
X(n) is the coupling ratio of the coupler i.e. the % LO power coupled to the BS
1-X(n) is the remaining LO power fed back into the ring network
n is the n* BS number
P0(n) is the LO output power at the n* BS
N is the total number of BS
a is the insertion loss of LO add/drop modules (-0.5 dB) 
b is the insertion loss of IF wavelength add/drop modules (-0.5 dB)
The coupling ratio for the LO coupler for each BS can be calculated as:
Equation (4.3) represents the coupling ratio for the LO coupler for each BS in the ring. The LO power 
at a particular BS can be determined as follows:
a
(4.2)
(4.3)
(4.4)
/
il >0 J
a (4.5)
\ P ^ x  I0l\
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( 2a+2b\  ( a+2b\
p ( n )  _  p ( n - l )  x  JQv 10 ^ —1 0  10 P  (4 -6 )
The LO power dropped at the n* BS can be expressed in term of that of the previous one and can be 
calculated by :
P M = o + p  (4 7)
f£1*') f
Where a  = 101- 5 ' and P  =
From this a more generalised formula can be derived:
p U = a P o + 0
P}2)
P},} = a P ;+ P
pl >} = aP l + P
which can also be related to the total input LO power by
n - l
p(n] = a nP0 + Y J a Kp  (4.8)
AT=0
The LO power at each BS output can be calculated with the following parameters.
Parameters
A= -0.5 dB and B=-0.5 dB 
P lo = 1  mW (0 dBm)
Po= 16.98 mW (12.3 dBm) input power to the ring
LO output power at a particular BS
BS1=10.0 mW (10 dBm)
BS2=5.64 mW (7.5 dBm)
BS3=2.85 mW (4.5 dBm)
BS4=1.09 mW (0.37 dBm)
BS5= 0 mW
The LO power fed to the ring at the circulator i.e. at the input to the first BS (12.3 dBm) is beyond the 
limit fixed at 10 dBm. Furthermore, the insertion loss of the circulator and the attenuation due to 
propagation through fibre (although this would be small due to short fibre length) between each BS has 
not been taken into account. With input LO power of 12.3 dBm 5 BSs can be supported without optical 
amplification in the ring. With lower insertion loss of the add/drop filters or using an optical amplifier 
in the ring then the number of BSs supported by the ring can be further increased.
IF signal distribution in the ring
Considering first the downlink. At a given base station (BSJ:
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Channel n (A*) is dropped from the ring at BSn (downlink) with optical power Pn 
Total number of base stations is N
On the downlink, the highest attenuation occurs on AN which must reach the last BS on the ring (BSN) 
within an acceptable power level.
Ai will experience attenuation of (2a+b) i.e. due to LO add/drop filter and the IF drop filter at BS1 
A2 will experience attenuation of (2a+2b) and (2a+b) i.e. due to BS1 and BS2 
Xn will experience attenuation of (2a+2b) + (2a+2b) + (2a+2b) upto (n-1) + (2a+b) 
where n=N no of BS in the ring
The last BS in the ring does not have a optical LO add filter and is (a+b), but a more general term of 
(2a+b) can be used to derive the expression for the no of BSs that can be supported. For all values,
(--i)
N  =
The amount of attenuation experienced in the downlink is
f  2a+2b \ f  2a+b \
1 0  10 + 1 0  10
V ) k J
p  —
f  2 a + 2 b \  
10 10 
v J
(o )
(-D
f  2a+b ^
10 10 
V J
where Pn is the power at a particular BS and is the optical input power to the ring.
_  d ( ° )p = p .
b \
105 x lO 5
(„-0 2 a
x lO 10 x lO 10
/
(4.9)
(4.10)
(4.11)
If A = 1010 and B = 1010 then
_  p ( ° )P = P . (a 2B 2J " '>x A 2B
when n=N then the IF optical power after N BS is:
P  = P (r N  r N— p(°)
The number of BSs supported for IF is
(a 2b 2)Ln-i)x A  B
f  (  
In
N  =
yj f W B  
ln(A2S 2)
+ 1
Considering PN (receiver sensitivity)=l()^W (-20 dBm) and -1 .2 6  X10 VV'' (1 dBm) then 
N<10.75 i.e. maximum number of BSs along the ring is 10 limited by downlink IF signal. If the 
receiver sensitivity is lower i.e. -30  dBm then more BSs can be fed. If the output power of the DFB 
laser is increased or optical amplifiers are used in the network, then the maximum number of BSs can
(4.12)
(4.13)
(4.14)
i-31
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be significantly increased. Willner et al [142] observed that an optically amplified WDM ring can 
accommodate 25 nodes when incorporating an EDFA and a channel dropping filter in each node.
Uplink
On the uplink, the highest attenuation occurs on V  which is added at BS1, and must travel through all 
BSs before reaching the CS with sufficient optical power. Channel n’ (V )  is added to the ring at BS„ 
(uplink) with optical power P„’
f b ( 2a+2b ^ (—i> N
o © X o ©
!
(4.15)
V )
pcA  = p x ,
assuming that the last BS in the ring is the same but in reality the last BS would have only 1 LO drop 
filter and also when the signal is added at the last BS then it does not experience much loss.
p  — Bx (A2B2f '*1
for n=N
p n ^ p ^0)[b x (a 2b 2Y - i )
In
N  =
P(*]B
+ 1
(4.16)
(4.17)
(4.18)
ln(A2fl2)
Considering that Pn= 10 pW (-20 dBm) and = 1 .2 6 x 1 0~3W (1 dBm) then N<11.25 i.e. the
maximum number of BSs along the ring is 11 limited by uplink IF signal.
In the ring configuration CWDM directly modulated uncooled DFB lasers are suitable for low 
cost implementation. IF CWDM technology is considered for a cost effective solution, then no more 
than 18 wavelength channels can be used (assuming that each channel operates on a separate 
wavelength, 20nm spaced, between 1270-1610nm).
4.5.1 Link analysis
Figure 4.11 show the link configuration under investigation along with the corresponding devices and 
their parameters. Most of the devices used are commercially available. An Excel spreadsheet was 
created for link budget calculations for the downlink and the uplink.
Link gain
The gain of the optical link is first calculated. The available gain G is defined as the ratio between the 
RF power generated in the load resistance (Pout) and the RF power available at the source for delivery 
to the laser (Pj„) [143]. The gain in a directly modulated optical link (G) is:
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P
G = - 2BL 
P
(4.19)
Assuming the source and load impedance is 50 ohms (Zjn=Zout) then the gain is:
G =
f  \ 2
<V  ) (4.20)
G (dB) = 20Log(7jL^ . ) - 2 x L apl
r|L is the laser modulation sensitivity, SK is the photodiode responsivity and Lop, is the loss in the fibre. 
The total optical loss in the fibre (due to Mux-Demux, 2.2 km fibre and optical circulator) is Lop, = 3.8 
dB for downlink and 2 dB for uplink (since the loss of Mux-Demux is excluded). With an average 
optical power of 2 dBm from the laser, and accounting for these losses, the link gain, noise figure and
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Figure 4.11. Gigabit system downlink & uplink with component specifications (Gain and noise figures are in dB)
SFDR can be calculated. The noise power spectral densities at the link output due to thermal noise 
(n*), shot noise (n^) and laser relative intensity noise (nRDM) are given by:
„ih = k T  = ( l .3 8 x l0 ‘21)290 = 4x10~2I(W I H z ) = - \1 4 (d B m l  Hz) 
n th = 2 q I PDR L = 2 ( l .6 x l0 '" ’ ) 5 0 x /ro = ( l .6 x l 0 ' '7) /ro (4.21)
n„N = R I N x.R l x I 2pd = (3 .1 6 x l0 _,3)5 0 x /ro  
k=Boltzman’s constant, T=Temperature, q=electronic charge, Ipd=PD current, RL=Load resistance
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Downlink Optical Path
Laser slope efficiency 0.1 W /A
Laser RIN -145 dB/Hz
Mean laser output power 2 dBm (opt)
Laser input DP3 28 dBm (elec)
PIN responsivity 0.7 AAV
Total fibre loss 3.8 dB (opt)
Mean received optical power -1.8 dBm (opt)
Mean photocurrent 4.6E -04 A
Output thermal noise 4E-21 W /Hz -174 dBm/Hz
Output shot noise 7.4E-21 W/Hz -1 7 1 3 dBm/Hz
Output RIN noise 3.4E -20 W/Hz -164.7 dBm/Hz
Total output noise 4.5E -20 W /Hz -163.4 dBm/Hz
RF gain -30.7 dB (elec)
R F noise figure 41.2 dB (elec)
SFD R 107.2 dB (elec)
Uplink Optical Path
Laser slope efficiency 0.1 W /A
Laser RIN -145 dB/Hz
Mean laser output power 2 dBm (opt)
Laser input IP3 28 dBm (elec)
PIN responsivity 0.7 A/W
Total fibre loss 2 dB (opt)
Mean received optical power 0 dBm (opt)
Mean photocurrent 7.0E -04 A
Output thermal noise 4E-21 W /Hz -174 dBm/Hz
Output shot noise 1.1E-20 W /Hz -169.5 dBm/Hz
Output RIN noise 7.8E -20 W /Hz -161.1 dBm/Hz
Total output noise 9 3 E -2 0 W /Hz -1 6 0 3 dBm/Hz
RF gain -27.1 dB (elec)
RF noise figure 40.7 dB (elec)
SFD R 107.5 dB (elec)
It can be noted that the laser UN usually dominates over shot and thermal noises.
Noise Figure (NF) and Equivalent Input Noise (EIN)
The NF in decibel [144] is a measure of the reduction in SNR between the input and the output of the 
link and can be expressed as [145]:
N F  = 10 log
N,
kTG
(4.22)
Adding all the noise contributions and using equation (4.22) a NF of 41.2 dB (downlink) and 40.7 dB 
(uplink) is obtained. The output noise power can be related to the input of the link where it is referred 
to as the equivalent input noise (EIN), defined as:
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N
EIN  = —— (4.23)
The EIN then becomes -132.8 dBm/Hz (downlink) and -133.2 dBm/Hz (uplink).
Spurious Free Dynamic Range (SFDR)
After the link gain and NF have been obtained, the SFDR can be calculated. The relationship of the 
SFDR (dB.Hz2^ ) is given by:
SFDR = -  [lIP3 - N F  + kT] (4.24)
where the input third order intercept (IIP3) is in dBm, NF is the noise figure in dB and kT=-174 
dBm/Hz. IIP3 is the point where the fundamental and third order intermodulation (IMD) intersect. The 
SFDR can be improved by improving the NF or the IIP3. Linearisation results in improvement in IMD, 
and hence IHP3. SFDR will ideally improve one third as fast as the IMD products, i.e. a 3 dB 
improvement in IMD results in a 1 dB improvement in SFDR [146]. Using equation (4.24) the SFDR 
is calculated to be 107.2 dB.Hz273 (downlink) and 107.5 dB.Hz273 (uplink).
Overall Calculation of Noise Factor and IIP3
Using the gain value, UP3 and the noise factor for the optical link then the overall system performance 
can be evaluated. The total noise factor (FTotai) for a complete system can be determined by:
^ T ota l ~  ^ 1  +
f 4 - i
(4.25)
Gj G^G2 G,G2G3
It can be seen that the first stage is fundamental and has a large impact on the overall system noise 
factor. The overall IIP3 and OIP3 of a system can be calculated as:
^ T o t a l  = -101O g
(
1 ( - I P 3 ,  'l « —1 ( G . - I P 3 2'] , J G , + G 2 - I P 3 , ^ \log 1 + log 1 I 4  log ' p ----- ----------2- + . . . .
V  ^ 10 , K 10 , l  10 /
1 1 1
OIP33G2G3 01P32G3
+  •
1
OIP3,
(4.26)
(4.27)
OIP3 Total
The relationship between the IIP3 and the OIP3 is given by:
IIP3 = OIP3 -  Gain (4.28)
Using these equations calculation can be performed for various parameters for the complete system. 
The results for the overall system are calculated with AppCad (application designed by Agilent) and 
are given in Figure 4.12 for downlink with SNR of 19.29 dB and in Figure 4.13 for uplink with a SNR 
of 18.01 dB.
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Figure 4.12. Overall system calculation for the mm-wave Gbit/s downlink showing link parameters and results
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Figure 4.13. Overall system calculation for the mm-wave Gbit/s uplink showing link parameters and results
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4.5.2 Sim ulation
The Gigabit/s system in Figure 4.8 is simulated using Optsim to assess the system performance. The 
full system layout in optsim is shown in Figure 4.14. Both downlink and uplink together with LO were 
simulated.
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Figure 4.14. Optsim modelling diagram o f the mm-wave Gbit/s system downlink and uplink with optical LO 
Bit error rate (BER) and Quality factor (Q)
A figure of merit for a transmission system is the received BER and this can be measured 
experimentally. A BER of less than 10‘9 is required for error free transmission. If the bits are ideal they 
are always correctly detected. However, there are always fluctuations in the received bit levels 
resulting from noise, relaxation oscillation of the laser diode and dispersion induced distortion. The 
value of the bit at zero or one state is not precisely defined, but is divided into a larger region given by 
Gaussian distribution [147]. The average received photocurrent for zero and one state are given by / I 
and /0. The decision level between 1 and 0 levels is denoted by /q. The variances of the Gaussian 
distributions are given by Oi and o0. The error probability that the receiving bit is decided to be 0 when 
1 is actually received is P(0/1) and, vice versa, 1 when 0 is received is P(l/0) is defined as:
BER = p (l)/> (0 /l)+  p (0 )P (l/0 ) (4.29)
Since 1 and 0 bits are equally likely to occur in a realistic bit stream, p(  1) = p(0) = 1 /2 , the BER 
becomes
BER  = -^ [p (0 /l)+  / ’(l / 0)] (4.30)
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The expressions for these probabilities can be given by an integration of the Gaussian probability
[148].
p ( 0 / l )  =
1
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dl
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(4.32)
Since computer models for simulation of a system typically run slower than real time, BER 
calculations are quite difficult. On the other hand, Q factor (defined as the difference in mean/sum of 
standard deviations) analysis is comparatively easy to evaluate and is used to determine the BER. The 
Q factor provides a qualitative description of the receiver performance because it is a function of the 
minimum SNR required to obtain a specific BER for a given signal. The Q factor predicts the 
probability of bit errors by measuring received signal strength and noise levels rather than by counting 
actual errors. If the total noise is assumed to follow Gaussian statistics then Q can be defined as [149]:
L - hQ =
<70 +<7,
(4.33)
where Ij and Io are the value of 1 and 0 bit current respectively and Oj and Oo are the standard deviation 
of the 1 and 0 bit, respectively. The relationship of the Q factor to BER is given by the expression:
BER = —erfc 
2
l (4.34)
V 2 J QypZn
A BER of 10'9 means a Q factor of approximately 6. IF BER <10'12 is required, Q>7 is needed. 
This approach is limited in that it assumes the signal to be degraded only by Gaussian noise. However, 
Gaussian approximation can lead to close BER estimates. The square of the Q factor may be 
interpreted as the equivalent SNR of the receiver and can be quoted in decibels using the conversion 
101og(Q2), and a BER of 10'9 corresponds to a Q factor of 6 or 15.6 dB.
The eye diagram is a convenient method to assess the system performance and is generated using 
an oscilloscope connected to the demodulated filtered symbol stream. The simulated eye diagrams for 
the downlink and uplink are shown in Figure 4.15 and Figure 4.16, respectively together with the 
measured experimental results of the eye diagram.
The most important aspect of a modulation technique is the SNR necessary for a receiver to 
achieve a specified level of BER. The performance depends on how large the SNR is for a system. The 
probability of bit error Pe for the signal at the detector output describes the quality of the recovered 
data. The Pe is a function of the ratio of the energy per bit to the noise PSD (Et/N0) as measured at the 
detector input. Eb/N0 is a measure of the required energy per bit relative to the noise power. The exact 
relationship between Pe and Eb/N„ depends on the type of signal used. The BER for a DPSK receiver
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(a) (b)
Figure 4.15. Simulated downlink eye diagram for the mm-wave Gbit/s system with Q factor o f (a) 15.2 dB (b) 
7.2 dB and (c) the measured eye diagram
Figure 4.16. Simulated uplink eye diagram for the mm-wave Gbit/s system with Q factor o f  (a) 16.2 dB (b) 7.6 
dB and (c) the measured eye diagram
can be derived under the assumption that the additive input noise is Gaussian. The BER for optimum 
demodulation of DPSK is:
Pt = 0.5<T(£* " °  (4.35)
The simulated BER for the downlink and uplink are shown in Figure 4.17 and Figure 4.18, 
respectively. The measured BER for the system experiment are given in Chapter 5 and error free 
transmission is achieved for downlink and uplink when the received RF power was -16 and -17 dBm 
respectively. The required (Eb/N0) for a BER of 10'9 is 20.03 (13.02 dB). A graph of Et/N0 against BER 
is shown in Figure 4.19 for the case of optimum demodulation of DPSK. In comparing the error 
performance of BPSK and DPSK, it can be seen that for the same Pe, DPSK signal requires at most 1 
dB more Eb/N0 than BPSK provided that Pe=10'4 or less.
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Figure 4.17. Simulated BER for the mm-wave GBit/s downlink
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Figure 4.18. Simulated BER for the mm-wave GBit/s uplink
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Figure 4.19. Comparison of the probability of bit error for common modulation schemes [150]
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4.6 Semiconductor Optical Amplifier
An important consideration in a wireless over fibre system is the signal distribution to multiples sites.
The power budget required due to fibre loss or splitting loss in such networks can be compensated by 
incorporating optical amplifiers such as EDFA or SOA [151]. An optical amplifier may be thought of 
as a laser without an optical cavity, or one in which feedback from the cavity is suppressed. Stimulated
widely used in optical systems such as photonic frequency converters [56], wavelength converters 
[152] and switching elements [153]. They offer advantages such as compactness, low power 
consumption, monolithic integration (can be integrated with lasers, modulators) and mass production. 
Although, SOA do not currently give as much amplification as EDFAs at the common 1550 nm region 
they can be designed to amplify around the 1300 nm range [154]. They can also be used in external 
modulation systems that require data rates up to and beyond 10 Gbit/s, resulting in the need to boost 
the signal prior to transmission. Since the SOA is capable of amplifying data rates ranging from Mbit/s 
up to and beyond 10 Gbit/s it is a future proof technology. In addition to boosting the signal, SOAs 
have the ability to perform a limited amount of channel power equalisation on each wavelength in a 
WDM system [155]. In order to provide some level of channel equalisation, the gain of the SOA can 
be controlled by changing the bias current applied. However, if the bias current is lowered to lower the 
gain, the saturation output power and hence the linear region also reduces which in turn limits the 
dynamic range. Hence, the bias current of the SOA has an important influence on the link performance.
A SOA sometimes referred to as a semiconductor laser amplifier (SLA) works in a similar way to 
a basic laser but with an optical signal being amplified by means of stimulated emission. The structure 
is much the same, with two semiconductor materials on top of each other, with another material in 
between them forming the active region [156]. A schematic diagram of the SOA is shown in Figure 
4.20. Anti-reflection coating elements are used at the end faces to avoid internal feedback and this 
effectively prevents the amplifier from acting as a laser. Unlike EDFAs which are optically pumped,
Figure 4.20. Schematic diagram o f an SOA and spontaneous and stimulated processes in a two level system 
SOAs are electrically pumped by injected current. An electrical current is set running through the
emission in the amplifier gain medium causes amplification of the incoming light. SOAs are being
Inducing
photonPhotonWeak input 
signal
Electronand noiseActive region
Electrical Current
Spontaneous Stimulated Stimulated 
emission emission absorption
Energy
gap
(carrier)
device in order to excite electrons which are stimulated by incoming light from optical signals to move
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down to their ground states. The photon given out by an electron losing energy from its excited state 
exactly matches the photons that caused the emission in the first place. Therefore, there are now two 
photons representing one particular section of a signal where previously there was one, hence, the 
signal has been amplified. These two photons can now cause more stimulated emission as they travel 
down the device, until they all exit together as a successfully amplified signal.
The gain of an SOA is influenced by the input signal power and internal noise generated by the 
amplification process. The output signal is accompanied by amplified spontaneous emission (ASE) 
produced by the amplification process. As the input signal power increases the gain decreases. If the 
signal power is too high then gain saturation will occur. This would not be a serious problem if the 
amplifier gain dynamics were a slow process. However, in SOAs the gain dynamics are determined by 
the carrier recombination lifetime and are in the region of hundreds of picoseconds to nanoseconds. 
This means that the amplifier gain will react relatively quickly to changes in input signal power. This 
gain saturation can cause significant distortion and this effect is even more important in multi-channel 
systems where the dynamic gain leads to inter-channel crosstalk. It can also limit the gain achievable 
when SOAs are used as multi-channel amplifiers in WDM systems. This is in contrast to the EDFA 
which have recombination lifetime of the order of millisecond region which means that they operate in 
the regime of mean power saturation leading to negligible distortion.
In previous literature, investigations have shown that SOA is a good candidate for achieving high 
gain microwave photonic links [157, 158]. High SNR can be obtained by increasing the average optical 
power. In an analogue system [159], the linearity of the link is usually determined by that of the light 
source. Since the gain behaviour of the SOA is not linear this will also contribute to the non-linearity 
and can cause problems such as generation of intermodulation products and thus affect the link 
performance. The optical gain varies with the input optical power and low input powers will be 
amplified by high gain, whereas high input powers will experience low gain. A linear region is the 
preferred operating regime since an exact, amplified replica of the input is required. Operating an SOA 
outside this region causes distortion since at high output powers, the gain saturates and compresses. 
The resulting gain modulation causes interference noise in frequency domain, specifically inter­
channel crosstalk between different wavelength channels and inter-symbol interference in the time 
domain [160]. Thus one of the key operating issues to ensure linear function is the management of the 
input power levels in order to control the degree into which the device is driven into saturation, 
especially important in multi-wavelength applications where a band of channels are amplified, sharing 
the available output power.
Operation in the linear region of the SOA permits error free transmission of multiple channels. 
This operating space is defined by the input power levels, the gain and the output saturation power of 
the device. For example for a +10 dBm output saturation (average) power (at the -3 dB gain 
compression point) for a gain of 15 dB, the maximum (total) input power would be -5 dBm. The 
number of channels, the output power per channel and the available output saturation power level will
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then define the gain required from the SOA. Non-linear distortion generated by an SOA in analog 
optical systems is considered [161] and expressions for the second and third harmonic distortion 
generated by the SOA operating under slight saturation conditions are derived. The results show that 
the optical power launched into the SOA should be carefully adjusted to obtain both good linearity and 
high dynamic range required by analog optical systems.
In the same way as for EDFAs, noise is generated by the ASE occurring along the SOA [157]. 
The amplification is accompanied by spontaneous emission, where photons of random phase and 
polarisation are added to the signal [162]. After direct detection, beat noise due to ASE of the SOA 
will add to the receiver noise and increase the noise floor. The laser Relative Intensity Noise (RIN) and 
the noise of optical amplifiers and receiver noise are the main noise sources in the optical link. The 
noise performance of an optical amplifier is characterised by the noise factor (F), defined as the 
amount of degradation in the SNR caused by the amplification process. The noise factor is a critical 
parameter and should be as low as possible since it determines the achievable sensitivity. The optical 
noise factor is a parameter used for quantifying the noise penalty added to a signal due to the insertion 
of an optical amplifier. That is, before light enters an amplifier the signal to noise ratio is SNR^), after 
amplification it is S N R ^ . Thus, optical noise factor can be defined as NFopt=SNR{in/SNR<out) where 
both SNRs refer to the electrical power when an optical signal is converted to electric current using a 
photo-detector. The use of an optical amplifier prior to a receiver to boost the signal power enables 
error free operation to be obtained for considerably reduced signal powers at the input to the optical 
amplifier. The performance of the receiver, most often described by the BER is governed by the signal 
to noise ratio (SNR). The SNR depends on the signal power and is defined as SNR=Signal/Noise. To 
improve the SNR either the signal level should be increased or the noise level reduced or both. The 
sources of the noise include the receiver thermal noise, shot noise of the detector, signal ASE 
(Amplified Spontaneous Emission) beat noise and ASE-ASE beat noise.
The noise performance of the SOA is one of the key parameters affecting their use in microwave 
photonic links. The optical output signal from an SOA is composed of ASE. After detection of input 
optical power at the detector stage, interference is generated between ASE and ASE, which is known 
as spontaneous-spontaneous beat noise (sp-sp beat noise), and ASE and signal known as signal- 
spontaneous beat noise (s-sp beat noise). Without narrow band filter (approx 1 nm) after the optical 
amplifier and prior to the photodiode, significant levels of spontaneous emission are delivered directly 
onto the receiver. Significant improvement can be achieved by introducing a narrow band optical filter 
before the receiver [158]: The amplified spontaneous emission (ASE) noise power at the output of an 
amplifier is [163]
P,P = H sp(G - l )h v B 0 (4.36)
where G is the internal gain, hv the photon energy (1.3.1019) (h is the Planck constant and v the optical 
frequency), Ba the optical bandwidth and Nsp the spontaneous emission factor between 1.4 and 4 in
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semiconductor optical amplifiers and equal to 1 in an ideal amplifier. The photocurrent equivalent of 
the ASE noise power is
itp =Psp^  = N sp(G - l ) e B 0 (4-37)
where e is the electronic charge. After square law detection in the receiver, the received signal power is 
given by:
S = ( G I , V ^ A f  (4.38)
where tjo, is the amplifier input coupling efficiency, ly** the amplifier output coupling efficiency, A the 
optical loss between the amplifier and the receiver and Is the photo-current equivalent of the amplifier 
input power.
SOAs in CWDM systems
To extend the capacity and distance of CWDM systems (>100 km) requires a low cost optical 
amplifier operating across the entire optical bandwidth [164]. The SOA can operate in single and 
multi-channel environments and is the only viable technology that can be deployed to meet these 
expanding applications. Wide bandwidth SOAs exhibit approximately 80 nm optical gain bandwidth at 
the -3 dB drop from the peak gain. Access to wider bandwidth is possible if the gain required is lower 
[165]. In DWDM applications, the SOA provides the required bandwidth easily. Amplification of 
bands of wavelengths simultaneously reduces the effective cost of amplification. The characteristics of 
the SOA permits access to an extended gain bandwidth, to provide gain between 1260 nm and 1620 
nm. EDFAs operate in the C band (1530 nm-1562 nm) and L band (1570 nm-1610 nm) and therefore 
only cover, at most, two CWDM channels at a time. Furthermore, EDFAs cannot amplify channels in 
the lower, 1300 nm region.
SOAs suffer from high noise figure (6 dB to 10 dB) and spurious effects such as those arising 
from Cross Gain Modulation (XGM). Also, ASE beat noise at low input levels play an important role 
in CWDM systems because of the relatively large bandwidth of MUX and DEMUX which is about 15 
nm. XGM effect results from fast gain dynamics of the SOA. The carrier density changes in the 
amplifier will affect all of the input signals, so it is possible for a strong signal at one wavelength to 
affect the gain of a weak signal at another wavelength [162]. Gain saturation caused by one channel 
modifies the response of the other channels, including crosstalk between channels. WDM applications 
thus require a device with high output saturation power.
So far in WoF systems two separate uni-directional EDFA have been used for the up and down 
link [8]. A WoF system employing an SOA has been demonstrated [166]. Cascaded SOA in WoF link 
are employed to extend the transmission link to 150 km with directly modulated lasers [167]. While 
there have been previous reported demonstrations of bi-directional amplifiers they have been designed 
with a double switch arrangement to direct the uplink and downlink signals through conceptually
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different amplifiers. A bi-directional amplifier was demonstrated using circulators, fibre grating and 
two EDFAs [168]. Chawki et al reported a new design of a WDM bi-directional amplifier using two 4 
port optical circulators, fibre grating and only one EDFA [169]. A Bi-directional SOA that can provide 
gain in both directions could significantly reduce the complexity and cost of the system.
4.7 Conclusion
This chapter considered wireless over fibre system architectures for the transport and distribution of 
broadband mm-wave signals. Typical components that can be shared include the expensive low phase 
noise mm-wave LO. In addition WDM of the signals within the fibre simplify the network architecture 
and improve the deployment of BSs, since it enables full duplex operation on a single fibre and also 
allows different BSs to be fed by a common fibre. A number of schemes that were proposed and 
demonstrated showing significant simplification of optical links by incorporating dual 
modulation/detection capability of EAMs have been discussed. Various system architectures have also 
been considered. The benefit of the star architecture includes having similar paths from CS to BSs, 
ensuring a uniform quality of service for each BS. Star-tree provides almost identical paths between the 
CS and each BS both on the downlink and uplink, which therefore allows a uniform quality of service 
to each BS. For the downlink the wavelengths are multiplexed at the CS and de-multiplexed at the RN, 
while in the uplink case the wavelengths are multiplexed at the RN and de-multiplexed at the CS. A 
WDM uni-directional ring incorporating OADM to feed downlink and uplink wavelength channels 
to/from appropriate BSs is discussed in greater depth. Also described are the limits on the number of 
OADMs that can be cascaded, which determine the maximum number of BSs that can be serviced by a 
single ring. The advantages of the ring architecture such as equipment sharing and fault protection and 
disadvantages such as non-uniform signal quality and network upgrade complexity were discussed. 
Power budget calculations and simulations have been carried out for the proposed Gbit/s system using 
low cost components such as uncooled directly modulated lasers and CWDM passive components. The 
use of SOAs in analogue links is discussed with important considerations regarding non-linearity. In 
the next chapter, full duplex RF and mm-wave over fibre links are described experimentally to 
demonstrate their usefulness in a bi-directional system.
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Chapter 5
Wireless over Fibre Transmission: 
Experimental Results
In this chapter experim ental m easurem ents are reported for w ireless over fibre system s. The  
Introduction 5 .1 , g iv e  a b rief o v erv iew  and states the ob jectives o f  the dem onstrations presented in this 
chapter. S ection  5 .2  d escrib es a co m p lete  w ire less over fibre transm ission system  em p loy in g  feed ­
forward linearisation  at the base station (B S ) to im prove perform ance in a m ulti-channel system . In the 
next S ection  5 .3  C oarse W avelen gth  D iv is io n  M u ltip lex ing  (C W D M ) ring architecture for m illim etre- 
w ave (m m -w a v e) signal d istribution  using a bi-directional Sem iconductor O ptical A m p lifier  (S O A ) 
together w ith  4 0  G H z L ocal O scilla tor (L O ) source is dem onstrated. A  high data rate m m -w ave  
G igab it/s (G b it/s) over fibre transm ission  system  using D ifferential Phase Shift K eyin g  (D P S K ) is 
exp erim en ta lly  in vestigated  in S ection  5 .4  using low  cost optical sources for IF sign a ls and C W D M  
d ev ices . F in ally , the last S ection  5 .5  C on clu sion  draws som e o f  the important results from  this chapter.
5.1 Introduction
W ireless  over fibre is an attractive tech n ology  for the realisation  o f  high capacity  future broadband  
w ire less  a cc ess  netw orks. For a sim p le and cost e ffic ien t solu tion  direct m odulation o f  uncooled  lasers 
is preferred. S ign a ls are generated  at the central station (C S ) and distributed using (C W D M ) filters. 
T h ese filters are used  as optical add/drop m ultip lexers (O A D M ) and are em p loyed  for routing different 
w avelen g th s to their intended rem ote B S . The C W D M  filters are inherently less ex p en siv e  than dense  
W D M  filters due to few er num bers o f  layers in the filter design  and relaxed  perform ance 
sp ec ifica tion s. T he w avelen gth  sp acin g  for the channels is based on a 20  nm  grid to a llo w  m argin for 
drift from  the nom inal w avelen gth  due to m anufacturing tolerances, tem perature range and bias 
current. In the fo llo w in g  exp erim en ts C W D M  d ev ices  such as uncooled  laser d iod es and p assive  W D M  
com p on en ts are used to dem onstrate h ow  low  cost full duplex system s can be constructed.
5.2 Full Duplex RF System
T he perform ance o f  an optical transm ission  system  depends greatly on the non-linearity o f  the laser 
d iod e  source. S in ce  the B S  can rece ive  sim u ltan eou sly  high and low  p ow er sign als, depending on how
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far the users are from the BS, any non-linearity in the optical link, such as non-linear distortion 
introduced by a directly modulated laser, can cause spectral re-growth from a strong input signal, 
interfering with a weak neighbouring channel and thus limiting the system performance. Previous 
demonstrations of feed-forward have mainly been over a single fibre link. The complete system 
configuration for a full duplex wireless over fibre system is demonstrated in Figure 5.2 together with 
measured optical spectra at various points. Full duplex transmission takes place between the CS and 
the BSs. In this system feed-forward linearisation shown in Figure 5.1 is employed at BS 1 to linearise 
the output of laser 2A. The aim of the experiment was to measure the effectiveness of feed-forward 
linearisation at the BS, hence transmission only occurred for the uplink, from the BS to CS. The 
remote BSs are connected via OADM to a 2.2 km single mode fibre (SMF) ring.
5.2.1 Transmission experiment
Figure 5.1 show the implementation of the feed-forward circuit, employed at BS 1 to linearise the 
optical intensity output of laser that is directly modulated with two channels. The detailed working 
principle of the feed-forward linearisation has been reported in [1]. For maximum cancellation of the 
distortion products amplitude and phase matching is critical both for the carrier cancellation loop and 
the distortion cancellation loop. This is facilitated with the use of variable gain amplifiers and 
microwave phase shifters.
O ptical Feed-Forward Linearised TransmitterVector Signal 
Generator (2.40 GHz) Optical Ft) redelay 
Ccxpler(Kl)
Laser 2A
I Output10*90
Microwave
splitter
PIN diode I Laser 2BVector Signal 
Generator (2.407 GHz)
Variable gain 
amplifier 1
Variable gain 
amplifier 2 y
Optical180° hybrid 
coupler |
Electrical
delay Electrical
Electrical delay
Figure 5.1 Feed-forward linearisation arrangement
For the system experiment in Figure 5.2, in the downlink direction, laser Lj, operating around 
1510 nm wavelength (Xj), and laser L3, operating around 1570 nm wavelength (X3) at the CS are 
multiplexed and then transported to the 2.2 km fibre ring [2]. At OADM 1, Xi is dropped and X3 
continues in the fibre ring and is dropped at its intended BS 2 via OADM 2. In the uplink direction, 
laser Lm of wavelength 1532.7 nm (A,2) at BS 1 is directly modulated by the combined output of two 
Rhode and Schwarz SMU200A vector signal generators providing 3.5 MSymb/s Quadrature Phase 
Shift Keying (QPSK) data channel at 2.4 GHz and 2.407 GHz. To compensate laser non-linear
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distortion feed-forw ard  linearisation is used. The feed-forward arrangement uses a secondary laser L2B 
at a w avelen gth  o f  1529  nm  and this can be observed  in the optical spectra after the signals are added 
from  B S  1 to  the fibre ring using a C W D M  filter. now  carrying the Q PSK  m odulated data and X4 
from  B S  2  are transported back to  the C S after transm ission through the ring network. A t the CS the 
w avelength s are separated u sing a d e-m ultip lexer con sistin g o f  filters. The linearised m odulated signal 
on X,2 is  d etected  using a 12 G H z p hotodiod e, am plified  with 50  dB gain RF am plifiers and finally  
dem odulated using a R hode & S ch w arz F S Q 8 vector signal analyser (V S A ).
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Figure 5.2 Wireless over fibre transmission system with optical spectra at various points. Feed-forward 
linearisation is employed at BS 1
5.2.2 Results
T o illustrate the e ffec tiv en ess  o f  feed-forw ard linearisation in suppressing spectral re-growth tw o  
channels are applied. Channel A  is fixed  w ith + 1 2  dB m  RF pow er and Channel B w ith  - 2 0  dBm . The  
RF spectra o f  the tw o  transm itted ch an nels w ere measured at the receiver with feed-forw ard disabled  
and enabled  as sh ow n  in F igure 5 .3 . W hen feed-forw ard w as disabled, the non-linearity generated from  
laser L 2a cau sed  spectral re-grow th from  Channel A  to interfere with the frequency band o f  the 
neighbouring C hannel B . W ith feed-forw ard enabled the non-linearity w as com pensated and the 
spectral re-grow th  w as suppressed by 8 dB  a llow in g the spectrum o f  Channel B to be clearly seen.
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Figure 5.3 Detected RF spectra at 2.4 GHz without feed-forward and with feed-forward
The quality o f  the m easured con stella tion s and ey e  diagram s o f  the w eaker channel B w ere a lso  
affected by C hannel A  spectral re-grow th. The constellation  and eye diagram s in Figure 5 .4a and 
Figure 5 .4b  are m easured u sing  the V S A  set to Channel B at a centre frequency o f  2 .4 0 7  GHz. 
Im proved transm ission  has b een  ach ieved  w ith  feed-forw ard as seen in Figure 5 .4b  w ith  clear and w ell 
defined  con stella tions. W ith feed-forw ard  enabled, the ey e  diagram  had a w ider opening com pared  
with w hen the feed-forw ard  w as d isabled . T he error vector m agnitude (E V M ) is an indication o f  the 
quality o f  the received  d ig ita lly  m odulated signal and w as a lso  measured for Channel B in the presence  
o f  Channel A , w ith  input p ow er fix ed  at + 1 2  dB m  throughout. W ith feed-forward d isabled the EV M  
w as m easured to be 24.6%  and decreased  to 9.4%  w hen the feed-forward w as enabled resulting in 
im provem ent by 15%.
(a) (b)
Figure 5.4 Detected -23 dBm Channel B constellation and eye diagram with Channel A at +12 dBm (a) without 
feed-forward (b) with feed-forward
F inally  the input pow ers o f  both Channel A  and Channel B were set equal at + 12  dB m  and the 
m easured R F spectra are sh ow n  in F igure 5.5. It can be seen that with feed-forw ard d isabled , there was 
strong interm odulation distortion caused  by the tw o high pow er input signals m odulating laser L2A and 
any lo w  p ow er sign als in the adjacent channel frequency bands w ould have been severely  degraded. 
W ith feed-forw ard  enabled , the interm odulation distortion w as suppressed by m ore than 10 dB.
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Figure 5.5 Detected RF spectra with feed-forward enabled and disabled, channels A and B are set at +12 dBm
A lthough the system  is dem onstrated at 2 .4  G H z laser non-linearity gets w orse at higher frequency  
such as 5 G H z required for the IE E E 802.1 la  w ireless L A N  standard. D irect m odulation o f  the laser at 
5 G H z generates sign ifican tly  h igh  distortion and feed-forward is a successfu l technique that can be 
em ployed  to  com p en sate th ese  d istortion products leading to im proved overall system  performance.
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53  Full Duplex Millimetre-wave Bi-directional System
Wireless over fibre is an attractive technology for future broadband wireless access systems operating 
in the mm-wave frequency range. In previously reported wireless over fibre systems separate uni­
directional erbium doped fibre amplifiers (EDFAs) were used to provide the necessary gain for the 
downlink and uplink [3]. In this experimental work the first use of bi-directional semiconductor optical 
amplifier (SOA) to provide gain for both downlink and uplink optical signals simultaneously, together 
with the experimental results for a CWDM ring architecture which allows distribution of a centrally 
generated 40 GHz LO signal and the connection of multiple BSs in a wireless over fibre network is 
demonstrated. The use of bi-directional SO As in place of uni-directional EDFAs, together with the use 
of CWDM and optical distribution of the mm-wave LO signal allows substantial reduction in overall 
systems complexity and cost, as will be necessary for the widespread adoption of mm-wave wireless 
access systems. It also increases utilisation of the deployed fibre, an economic advantage where leased 
fibre has to be used [4].
The system comprises a 12.8 km SMF backbone link with a 2.2 km fibre ring for signal 
distribution to a group of remotely located BSs. Optically modulated 3.5 MSymb/s wireless data 
signals to and from the BSs are distributed at intermediate frequencies (IF) in the 2.40 GHz to 2.50 
GHz band to overcome fibre dispersion using directly modulated uncooled distributed feedback (DFB) 
lasers. At intermediate frequencies the signals can be transmitted over longer distances since the effect 
of fibre chromatic dispersion on the distribution of lower frequency IF signal is less severe than for 
mm-wave signals [5]. The laser emission wavelengths are selected on a 20 nm pitch CWDM grid to 
route signals to and from the required BS. The common 40 GHz LO source is optically generated by 
injection locking two slave DFB lasers to two sidebands of an externally modulated master tunable 
laser and distributed to multiple remotely located BSs for frequency up and down conversion to mm- 
wave. The delivery of the LO signal is tolerant to fibre dispersion since it is generated in a single 
sideband form.
5.3.1 Optically generated 40 GHz LO source
The 40 GHz LO signal is provided by heterodyning the output of two DFB lasers that are injection 
locked to two modulation sidebands of a Mach-Zehnder modulator (MZM) driven at 20 GHz and 
biased at null to give suppressed centre wavelength. This is a development of the technique reported by 
Braun et al [6] in which generation of a 64 GHz signal by optical injection locking two slave DFB 
lasers to the -10th and +10th modulation sidebands of a master DFB laser which was directly and 
heavily modulated at 3.2 GHz with +23.4 dBm input was reported. Figure 5.6 illustrates the 
experimental arrangement of the 40 GHz LO source used in this experiment. In Figure 5.6 the MZM 
externally modulates the output of the CW tuneable master laser source whose centre wavelength was 
set at 1543.6 nm (Xo) with 8.1 dBm output power. When the MZM is driven by a 20 GHz microwave
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signal generator w ith + 1 0  dB m  RF pow er, its optical output contains m ainly tw o  m odulation sidebands 
located  at ±  2 0  G H z o ffse t  from  the suppressed 1543.6 nm line. B ecause the M Z M  is biased at null at 
7 .3 V  (V„), the unm odulated optical transm ission is m inimum. The tw o m ain sidebands are therefore 40  
G H z apart and e ffec tiv e ly  the M Z  is function ing as a frequency doubler. S lave laser D FB  1 is injection  
locked by on e sideband and slave laser D FB  2 by the other. The injection locked  output o f  the two  
slave lasers are then com b in ed  in a 50%  coupler form ing a 4 0  G H z spaced reference signal. The 
polarisations o f  the tw o  injection  locked  slave lasers are aligned before their outputs are com bined in a 
50%  cou p ler form ing the 4 0  G H z heterodyne beat signal. S ince the tw o injection locked, c losely  
spaced op tica l carriers travel a lon g  the sam e fibre polarisation can be m aintained throughout.
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Figure 5.6 Optically generated 40 GHz LO source using heterodyning and injection locking
Figure 5 .7  sh o w s the op tica l spectrum  at the output o f  the M ZM  and that at the output o f  the 
injection locked  heterodyne L O  source. It can be seen at the M ZM  output that the suppressed centre 
optical carrier at 1543 .65  nm  is 2 6  dB b elow  the tw o 4 0  G H z spaced optical sidebands w hile it is at 
least 34 dB b elow  at the output o f  the injection locked heterodyne LO source. E xact m easurem ent o f  
the suppressed centre op tica l carrier is lim ited by the finite resolution bandwidth o f  the optical 
spectrum  analyser. T h e advantages o f  heterodyning the tw o  injection locked slave D FB  lasers instead  
o f  sim ply taking the frequency d oubled  output directly from  the M Z m odulator are the 15 dB increase
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Figure 5.7 Optical spectra at the MZM output and at the injection locked heterodyne LO source output
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in the optical output power level and further suppression of the tuneable laser source centre wavelength 
at 1543.6 nm. If high power lasers are used then the optical output power can be further increased. 
Since the two modulation sidebands are each offset by 20 GHz from 1543.6 nm, insufficient 
suppression of this centre wavelength would result in the generation of an unwanted 20 GHz signal in 
the detected RF spectrum of the LO source output. Although the 20 GHz beat signal can be filtered, 
optical filters of this high resolution would require temperature control and active tracking, greatly 
increasing system cost. Post detection electrical filtering would imply waste of SOA power capability 
in amplifying the spurious signals. This method of generating and delivering the LO over fibre is 
dispersion tolerant, since the dual mode signal arising from the two optical sidebands injected from the 
MZM result in a beat signal only at 40 GHz. The additional advantage of this generation technique is 
that this approach can be readily extended to much higher frequencies (> 100 GHz) increasing its 
attractiveness for future systems. Figure 5.8 shows the detected RF spectrum of this 40 GHz 
heterodyne LO source in a full 50 GHz span. It can be seen that the spectrum contained a very pure 40 
GHz signal and the 20 GHz reference signal was at least 50 dB lower masked by the equipment noise 
floor. This level of half frequency or sub-harmonic suppression is even better than some commercial 
mm-wave synthesisers that use the frequency doubling technique to extend their upper output 
frequency limit.
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Figure 5.8 Detected RF spectrum of the LO source output (Resolution Bandwidth = 300 kHz)
The detected single sideband (SSB) phase noise of the 40 GHz injection locked heterodyne source 
and that of the reference 20 GHz modulation source plus 6 dB to allow for frequency doubling are 
shown in Figure 5.9. It can be seen that the SSB phase noise of the 40 GHz LO source follows that of 
the reference signal generator at offset < 500 kHz, indicating that the phase noise performance was 
limited only by the equipment used. The phase noise beyond 500 kHz offset remains around -110 dBc 
(1 Hz) and cannot be reduced further due to the limited injection locking range.
Compared to the previous 36 GHz optical injection phase lock loop (OIPLL) heterodyne source 
[7], the present configuration generally displayed around 2 dB lower phase noise which can be 
attributed to the injection level being increased using an external tunable master laser source and
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absence of high power spurious optical signals injected into the two slave lasers. The latter reason can 
be further clarified by noting that if a slave is required to be injection locked to one of the two or more 
low level sidebands of a directly modulated master laser, the injection locking process can be severely 
affected and made unstable due to the presence of the high power optical line at the master laser centre 
wavelength which has to be injected into the slave laser along with other low level modulation 
sidebands. The present configuration does not have this problem because of the use of an external MZ 
modulator for generating those injection sidebands with the tunable master optical power at the centre 
wavelength suppressed.
■Injection locked heterodyne 
isource phase noise :
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Figure 5.9 Detected single sideband (SSB) phase noise spectra of the 40 GHz injection locked heterodyne LO 
source and the 20 GHz reference signal generator source
53.2 Transmission experiment
Figure 5.10 shows the complete experimental arrangement of the wireless over fibre transmission 
system. Full duplex transmission occurs between the CS and BS 1. BS 1 is connected via OADM 1 to a
2.2 km SMF ring. The fibre ring in turn is connected to the CS via a bi-directional SOA and a 12.8 km 
backbone SMF. The OADMs used are constructed using low cost CWDM filters and are employed for 
routeing different wavelengths to their intended remote BSs. Measured optical and detected electrical 
spectra at various points in the transmission experimental arrangement are also shown in Figure 5.10.
In the downlink direction, laser Li, operating at 1512.3 nm wavelength (Xi), at the CS is directly 
modulated with 3.5 MSymb/s QPSK data at 2.40 GHz carrier frequency (Channel 1) provided by a 
vector signal generator. Laser 1 is a CWDM uncooled directly modulated laser with bias current set to 
40 mA. The modulated output of laser Li (Xj) is multiplexed with the output of the optically generated 
40 GHz LO source whose two sidebands are centred around wavelength Xq. Both Xo and Xi are then 
transported to the fibre ring via the 12.8 km SMF and the bi-directional SOA. The SOA used is a 
Kamelian OPA22-N-C-FA device having a 3dB bandwidth of 59 nm at a centre wavelength of 1500 
nm with a bias current of 160 mA and provides simultaneous gain for downlink and uplink. From the
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Figure 5.10 Full duplex wireless over fibre transmission experimental arrangement with electrical and optical 
spectra at various points
m anufacturers data sheet the S O A  gain  is in the region o f  20  dB (Figure 5 .11 ) w ith a saturation output 
pow er o f  approxim ately 9 dB m  (F igure 5 .1 2 ) and a n oise figure o f  8 .6  dB (Figure 5 .13 ).
A t O A D M  1, the sign al, carrying the Q PSK  data, is dropped using a C W D M  filter and delivered  
to  B S  1. Around 50%  o f  the Xo p ow er carrying the LO is a lso  dropped and delivered  to B S  1 by 
O A D M  1 w h ilst the rem aining 50%  is a llow ed  to proceed to O A D M  2 and to be used for further 
frequency con version s at another B S . T he C W D M  filters centred at 1550 nm  have a ±  6 .5  nm  tolerance  
resulting in 13 nm  bandw idth and the LO  w avelength  at 1543.65 nm  falls w ithin the filter bandwidth. 
T he LO  signal can potentia lly  be distributed to m ore B S s using different coup ling ratios for the optical
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Figure 5.11 SOA gain versus forward current
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Figure 5.12 SOA gain versus output power
couplers together w ith  a higher gain  SO A . A n alysis  are done in Chapter 4  to determ ine the num ber o f  
B S s that can  be supported lim ited  by the LO. A fter photo-detection  o f  the IF data using a 12 G H z 
photodiode and the LO  using a 5 0  G H z photodiode, the Q PSK  data is up-converted to 4 0  G H z ±  2.4  
G H z u sing  the rem otely d elivered  4 0  G H z LO  source in the M iteq T B 0440L W 1 m ixer. A fter up- 
con version  to m m -w ave the signal can  then be further am plified  and then radiated to the custom ers unit 
using an antenna w ith appropriate gain . For m easurem ents a lm  cab le w as used to avoid  propagation  
effects. In order to dem odulate the d ow n lin k  signal and to assess the transm ission perform ance, the up- 
converted  signal is then d ow n -converted  back to  2 .4  G H z using an independent 4 0  G H z LO  before the 
Q PSK  data is detected  u sing  a V S  A .
In the uplink d irection , Laser 2 o f  1532.7 nm  w avelength (X2) at B S  1 is d irectly m odulated with
3 .5  M S ym b /s Q PSK  data at 2 .41 G H z (Channel 2 ) provided by another V SG . T he 2 .2  km  fibre ring 
a llow s m ore base stations to be rem otely connected  in order to provide sufficient w ireless coverage. X2
and the 12.8 km  SM F, and fin a lly  arriving at the C S. A  1 nm  optical band pass filter (B PF) is used to 
se lect X2 w hich  is then p hoto-detected  and subsequently dem odulated by the V S  A . A s can be observed  
in Figure 5 .1 0 , the d etected  electrica l spectrum  o f  X2 contains both Channel 1 and Channel 2 signals
onto X2 can be attributed to the cross gain m odulation (X G M ) characteristic o f  the SO A  w here both Xi
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Figure 5.13 SOA noise figure versus forward current 
now  carrying the uplink Q PSK  signal is first sent round the fibre ring before go in g  through the SO A
even  though A,i is not present after the optical band pass filtering. T he transfer o f  the Channel 1 signal
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and X2 are simultaneously present. The effects of XGM can be minimised if a higher output power 
SOA is used with total input optical power at least 5 dB below the input saturation power or if the SOA 
is operated within the linear region [8]. Since the downlink and uplink signals use different sub-carrier 
frequencies (2.40 GHz and 2.41 GHz, respectively), Channel 2 can be easily selected for demodulation 
by simple electrical filtering. With increased number of WDM channels the SOA bandwidth would 
become the main limiting factor in the system and a wider bandwidth SOA needs to be used.
5.3.3 Experimental results
Figure 5.14a show the constellation and eye diagram for the downlink Channel 1 QPSK signal 
measured and demodulated by the VSA while Figure 5.14b show the corresponding results for the 
uplink Channel 2 signal. Successful full duplex transmission has been achieved as evident from the 
clear and well defined constellations and widely open eye diagrams as well as low 10.5% and 7.8 % 
EVM values for the downlink and uplink directions, respectively.
(a) Downlink (b) Uplink
Figure 5.14 Demodulated 3.5 M Symb/s QPSK data for the downlink and the uplink. The two quadrants show the 
constellation diagram  and eye diagram
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5.4 Millimetre-wave Gigabit Transmission
Millimetre-wave frequencies are being considered for future broadband wireless access systems to 
support the increased data rate. In this experiment differential phase shift keying (DPSK) modulation is 
used, because of its simplicity in implementation, to construct a 1 Gigabit/s wireless over fibre system. 
Previous experiments [9] using this modulation have been reported at 68 Mbit/s data transmission 
using a 36 GHz modulated optical carrier [10] and multiple quantum well asymmetric fabry perot 
modulator/photodetector for passive picocells [11, 12]. Differential encoding of symbols onto PSK 
significantly reduces the complexity in the demodulator [13]. Whenever a bit or sequences of bits 
change state, the change is encoded as a phase change in the modulated carrier. If the bit sequence does 
not change, the phase remains the same. Because the information is encoded in the phase change 
between symbol points, there is no requirement for the carrier recovery or the use of synchronised 
frequency reference sources, as with BPSK modulation. Demodulation of DPSK requires knowledge 
of current and previous symbol points to accurately measure the change in phase. This allows the 
performance of the system to be assessed relatively easily [7]. The objectives of this demonstration are 
to investigate the feasibility of a Gigabit/s system using low cost CWDM devices.
5.4.1 Transmission experiment
The complete experimental setup for the DPSK Gigabit/s transmission is shown in Figure 5.15. In the 
downlink signal path the modulated output of the laser carrying 1 Gigabit/s DPSK data at 5 GHz IF 
together with 40 GHz optical LO signal are multiplexed at the CS using a CWDM add filter and then 
transported over 2.2 km SMF. The laser diode for the IF signals is a 1570 nm, commercially available 
fibre pigtailed uncooled directly modulated DFB device with a mean optical output power of 3 dBm at 
a bias current of 40 mA. At the BS the LO and the IF are de-multiplexed using a drop filter and 
individually photo-detected. The LO signal is photo-detected using a U2t XPDV2120R 50 GHz 
bandwidth PIN photo-detector and amplified using a Miteq JS4-26004000-30-5A (26 GHz to 40 GHz) 
low noise amplifier. A 40 GHz BPF with a bandwidth of 200 kHz and insertion loss of 1.8 dB was 
used at the output of the amplifier for the LO signal to limit the noise bandwidth. The LO signal is 
further amplified using a high power SpaceK Lab SGKa-17-20 amplifier to increase the power to a 
suitable level to drive the mixers (+12 dBm). A -3 dB 40 GHz splitter was used to divide the LO power 
to allow up/down conversion at the BS. The IF signal at 5 GHz is detected using a Discovery DSC30S- 
39 22 GHz photodiode. The photo-detected IF signal is amplified in a Miteq AMF-2D-005080-25-13P 
amplifier with a gain of 25 dB. Since a mm-wave attenuator was not available to add loss to the up- 
converted signal a variable step attenuator was used in the IF path to allow the IF power to be adjusted. 
After further amplification using a Miteq AFS5-00101200-22-S-5 amplifier, the IF signal is up 
converted to 35 GHz (lower side band) using the 40 GHz optical LO source in a Miteq TB0440LW1 
mixer. The up-converted signal is passed through a 1 metre RF cable and then down-converted to 5
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Figure 5.15 Full duplex gigabit wireless over system (VA-variable attenuator)
GHz IF using an independent 40 GHz LO signal to allow demodulation. A BPF at a centre frequency 
of 35 GHz with a bandwidth of 2 GHz and an insertion loss of 1.5 dB was used to limit the noise 
bandwidth. The frequency response of the mm-wave filter centred on 35 GHz is shown in Figure 5.16. 
A modular HP7000 series spectrum analyser was used to detect the modulated optical signals. In the 
uplink direction DPSK baseband data is first modulated at 5 GHz IF and then up-converted to 35 GHz 
which is then transmitted over 1 m RF cable and then received at the BS. The received data at 35 GHz 
is down-converted to 5 GHz using the optical LO and then directly modulate the uplink laser. The 
optically modulated IF signals are transported over 2.2 km fibre, is received at the CS, photo-detected, 
amplified and then demodulated to assess the performance.
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Figure 5.16 Frequency response of the mm-wave filter centred around 35 GHz
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5.4.2 40 GHz LO source
The LO signal generated at the CS is remotely delivered and can be shared amongst BSs in a WDM 
system to reduce overall cost and to give exact frequency synchronisation for advanced modulation 
techniques. The 40 GHz LO signal is optically generated as shown in Figure 5.17 by driving the Mach- 
Zehnder (MZ) biased at Viz for double sideband suppressed carrier modulation (DSB-SC). The MZ is
f  -10EDFA
20 GHz Microwave 
Signal Generator
MZ
Modulator
Optical 
Bandpass Filter Optical
Output
-20
-28
Tunable Laser
Xq: 1543.65 nm w»wiwgii(nm)
Figure 5.17 Optically generated 40 GHz LO source and the optical spectrum at the output
driven by a fuoa microwave signal generator with +10 dBm RF power and its optical output contains 
mainly two modulation sidebands offset from the suppressed carrier. The suppression of the centre 
wavelength around 1543 nm is about 23 dB as demonstrated in Figure 5.17, which show the optical 
spectrum of the 40 GHz LO signal after the erbium doped fibre amplifier (EDFA) and the optical band 
pass filter at the CS. Since the LO output from the MZ is weak an EDFA was used to increase the level 
with a 1 nm optical band pass filter to reduce the amplified spontaneous noise (ASE). After photo­
detection at the BS a 40 GHz mm-wave LO filter with a bandwidth of 200 kHz and insertion loss of
3.5 dB is used to limit the noise bandwidth. The frequency response of this filter is shown in Figure 
5.18. Figure 5.19 show the phase noise of the 20 GHz reference signal plus 6 dB due to frequency 
doubling and of 40 GHz LO optical signal with and without the electrical filter. The phase noise 
response with the electrical filter is < -120 dBc/Hz at 10 MHz offset.
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Figure 5.18 Frequency response of the LO filter centred around 40 GHz
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Figure 5.19 Detected single sideband (SSB) phase noise spectra of the 40 GHz LO source and the 20 GHz 
reference signal generator source
5.4.3 DPSK m odulator and  tran sm itte r
Phase shift keying is a d igital m odulation schem e that con veys data by changing, or m odulating the 
phase o f  a reference signal i.e. the carrier w ave. For m odulation schem es such as D PSK  differential 
encod ing o f  data is required. In this m odulation technique the phase o f  the carrier for the current signal 
elem ent is dependent on the state o f  the previous signal elem ent. Let D IN(k) be a sequence o f  binary bits 
that are the input to a d ifferential en cod er and let D outoo be the output o f  the differential encoder. Then 
DouT(k)= DusKk) ©DouT(k-i) (©  is m odulo 2 addition). Table 5.1 provides the truth table. A bit transition 
from 0  to 1 or 1 to 0  is en cod ed  as a binary 1, w hereas no change in bit is encoded as a binary 0.
DiN(k) DoUT(k-l) DoUT(k)
0 0 0
0 1 1
1 0 1
1 1 0
Table 5.1 Implementing a high speed differential encoder-Truth table
O ne circuit that can be used to im plem ent the above equation for a differential encoder is to use an 
exclu sive-O R  (X O R ) gate w ith a on e bit period delay in the feedback path as show n in Figure 5.20. 
The X O R  gate, com pares the input w ith the previously d ifferentially encoded output bit, by m eans o f  a 
bit delay. T w o  D -typ e flip  flops can be used for synchronising the tw o input signals into the X O R  gate 
triggered by the c lo ck  signal from  the pattern generator. H ow ever, im plem enting a 1 bit period delay (1 
bit period =  1 ns at 1 G bit) in the feedback path can be d ifficult when working with discrete 
com ponents. A  circuit w ithout such critical delays is more practical. O ne such im plem entation that 
d oes not in vo lve delay in the feedback  path is shown in Figure 5.21. Here, a d ivide by 2 counter has a
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X O R
1 bit period  
delayout(k-1)
Figure 5.20 Implem entation o f the differential encoder using an XOR gate output
clock  gated w ith the data. W hen the data is high, the counter changes state, w hich  is equivalent to 
adding a 1 m odulo 2. W hen the data is low , the counter state remains the sam e, w hich  is equivalent to 
adding a 0  m odulo 2.
input data
E n c o d e d  data
Figure 5.21 Illustration o f a differential encoder with a divide by 2 counter 
D ifferentia l en cod in g  can be im plem ented using the high speed log ic  parts from  the 1375 ID E  
Inphi en cod er [14]. T he 1 3 7 5 ID E  differential encoder can support data rates upto 13 G bit/s and 
perform s m odulo tw o addition o f  the input data bit with the previous output bit. F igure 5 .22  show  the 
D P SK  m odulator and transmitter used [9]. A  1 G bit/s 223- l  PR BS data w as first d ifferentially  encoded  
using the Inphi encoder. The resulting baseband D PSK  signal was then used to m odulate the phase o f  a 
5 G H z LO signal in a double balanced m ixer. A  m ini-circuits 2 .25 G H z low  pass filter w as used to 
lim it the occup ied  spectrum . T he D P SK  signal is then used to directly m odulate a 6  G H z bandwidth  
DFB laser w ith a 1570 nm  centre w avelength  em ission .
I
Figure 5.22 DPSK modulator and transmitter
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5.4.4 DPSK demodulator and receiver
In order to differentially decode data, each current bit must X-OR with the previous one. The DPSK 
demodulator only needs to determine changes in the incoming signal phase and is implemented as 
shown in Figure 5.23 consisting of a splitter, a phase shifter and a double balanced mixer. A semi-rigid 
cable was used to connect the various components. The demodulation of the DPSK signal was 
performed directly on the switched 5 GHz carrier using a delay line and a double balanced mixer. The - 
3 dB splitter (Mini-circuits ZFSC-2-10G) equally divides the power of the incoming encoded signal 
into two paths. One of the paths was delayed by one bit period x which is equal to (1 Gbit/s)1 or 1 ns in 
reference to the other. A phase shifter (ARRA model 9428) was used in the delay to allow tuning the 
differential delay between two paths. Time delays were measured using the HP 8753D network 
analyser (30 kHz-6 GHz). The two paths were then recombined in a double balanced mixer (WJ 
M86C) to recover the data. The mixer functions as a phase comparator that compares the phase of its 
two input signals on the RF and LO ports. Given that these have a delay of 1 ns, the mixer actually 
compares the phase of the current bit with that of the previous bit. The recovered data pass through a 
2nd order low pass filter with -3 dB bandwidth of 2250 MHz to limit the noise bandwidth of the signal 
before being fed to the digital oscilloscope for eye diagram monitoring.
Double 
Balanced Mixer
OutputInput
LO
RF
LPF
Delay
3 dB Microwave 
Splitter
Figure 5.23 Implementation o f the DPSK demodulator
5.4.5 Experimental results
To measure the performance of the complete system eye diagrams and bit error rate (BER) 
measurements were produced. Figure 5.24 and Figure 5.26 show the eye diagrams of the recovered 1 
Gbit/s 223-l PRBS data for the downlink and uplink respectively, measured using 0 dB, 10 dB and 20 
dB RF attenuation applied to the IF signal before up-conversion. It can be seen that with 0 dB 
attenuation the eye diagram was wide open for both downlink and the uplink. With 10 dB attenuation 
applied to the IF signal the eye diagram was reasonably good and can still be clearly seen. However, 
with 20 dB attenuation the amplitude of the eye is very much reduced and is beyond the detectable 
range. The detected pattern sequence are observed in the time domain using the Agilent Infinium 1.5 
GHz oscilloscope and are shown in Figure 5.25 and Figure 5.27 for the downlink and the uplink 
respectively.
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B y setting the pattern generator to an 8 bit sequence the data rate can be easily  m easured on the 
o sc illo sco p e . A s sh ow n  in F igure 5 .25  the duration o f  one bit is 1 ns, w hich  corresponds to a data rate
(a)
(b)
(c)
Figure 5.24 Detected downlink eye diagram s at 1 Gbit/s (a) upper trace reference transmit input, lower trace 
receiver dem odulated with 0  dB attenuation (b) 10 dB attenuation (c) 20 dB attenuation
(a)
(b)
Figure 5.25 Detected downlink pattern sequence (a) upper trace reference path, lower trace system output, 
sequence is 10101010, (b) upper trace reference path, lower trace system output, sequence is 10001000
o f  1 G bit/s. T he output sequ en ce is clearly detected at 1 Gbit/s with the reference input sequence 
show n for com parison . F igure 5 .2 8  sh ow s the measured bit error rate (BER ) as a function o f  the 5 GHz 
RF source pow er and it can be seen  that error free transm ission (B E R  <  10'9) was achieved for 
dow nlink  and uplink w hen the received  RF power was -16 and -17 dB m  respectively. W ith a lower 
received  R F pow er the B E R  increases.
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Figure 5.26 Detected uplink eye diagrams at 1 Gbit/s (a) upper trace reference transmit input, lower trace 
receiver demodulated with 0 dB attenuation (b) 10 dB attenuation (c) 20 dB attenuation
Figure 5.27 Detected uplink pattern sequence (a) upper trace reference path, lower trace system output, pattern 
sequence is 10101010, (b) upper trace reference path, lower trace system output, pattern sequence is 11101110
D o w n lin k
U p link10 '
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R e c e iv e d  R F  P o w e r  (d B m )
Figure 5.28 Detected overall system BER for the downlink and uplink
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5.5 Conclusion
In this chapter feed-forward linearisation is demonstrated to compensate for laser non-linear distortion 
in a multi-channel wireless over fibre system. Overcoming laser non-linearity improves the system 
performance. In the experiment, two channels each with 3.5 M/Symbs of QPSK data have seen 8 dB 
reductions in the spectral re-growth caused by a strong input channel. Successful transmission was 
achieved with feed-forward evident from clear constellations with improvement in EVM from 25% to 
less than 10%. Laser non-linearity becomes more severe with two strong input channels leading to 
interchannel distortion that can completely mask a third adjacent channel. A reduction of 10 dB in 
intermodulation distortion was achieved with feed-forward compensation. It is also shown that the 
CWDM architecture allows efficient distribution of signals from the CS to the BS and vice versa. The 
results suggest that feed-forward linearisation allows successful transmission of multiple channels in a 
wireless over fibre system.
A full-duplex millimetre wave 3.5 MSymb/s QPSK wireless data over 12.8 km fibre transmission 
system with a bi-directional SOA; incorporating 2.2 km CWDM fibre ring architecture has been 
experimentally demonstrated. Low cost CWDM components such as uncooled lasers and filters are 
used to construct the network. Successful transmission has been achieved as evident in the clear and 
well defined constellations and eye diagrams as well as low 10.5% and 7.8 % EVM values for the 
downlink and uplink respectively. The cost savings obtained from the use of CWDM and bi-directional 
SOA technology; together with the improved fibre utilisation resulting will make such solutions more 
attractive for future mm-wave access systems.
A 1 GBit/s DPSK modulated wireless signals at 5 GHz IF together with remote delivery of LO 
signals at 40 GHz from the CS to the BS was demonstrated. IF signals are transmitted using low cost 
uncooled CWDM lasers without optical amplification. An EDFA employed at the CS was used to 
amplify the LO signal.
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Chapter 6
Conclusion
This thesis has presented original work on feed-forward linearisation for a directly modulated 
Distributed Feedback (DFB) laser for application in Wireless over Fibre (WoF) systems. The main 
achievement of the work is a simultaneous reduction of noise and distortion in semiconductor lasers at 
microwave frequencies leading to enhanced Spurious Free Dynamic Range (SFDR). With the rapid 
growth of wireless technologies, millimetre-wave (mm-wave) over fibre emerges as one of the 
potential candidates for future broadband wireless services and the performance of such systems has 
also been investigated in this thesis. This final chapter summarises the main conclusions of the work 
and presents recommendations for future work.
6.1 Summary of the Thesis 
Summary of Chapter 1
The first chapter gave background to the thesis and presented fixed wireless mm-wave systems and 
wireless LAN technologies. An introduction to WoF and various signal transport schemes are 
considered which highlight the advantages of centrally controlled hardware leading to simple and low 
cost remote Base Station (BSs). The relative merit of direct and external modulation is outlined and 
issues like noise and distortion properties are investigated for WoF links. The distortion level of most 
lasers and modulators is generally not low enough to meet the stringent requirement for multi-channel 
transmission in WoF systems. The optical transmitter limits the system channel capacity and signal 
quality, hence distortion compensation becomes necessary. While the optical modulation depth (OMD) 
per channel that can be applied to a laser is limited by laser non-linear distortion, a linearised 
transmitter enables the OMD per channel to be increased, providing an increased system power budget 
and performance. The chapter concludes with a statement of the objectives of this thesis, a summary of 
the results of the research and an outline of the structure for the remaining chapters.
Summary of Chapter 2
Chapter 2 gives an overview of linearity and distortion and reviews the operating principle of different 
linearisation techniques proposed in the literature for directly modulated semiconductor lasers and 
external modulators. Techniques include pre-distortion, dual parallel, cascade coupling, polarisation
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mixing, optical injection locking (OIL), electro-optical feedback, quasi-feedforward and feed-forward 
linearisation. A background to the generation of non-linear distortion in semiconductor lasers is also 
given.
The disadvantage of electro-optical feedback is that its operating bandwidth is limited because of 
potential instability of the feedback loop at high frequency. Quasi-feedforward requires two lasers of 
very similar distortion properties and is therefore difficult to implement. In general, pre-distortion can 
achieve substantial reduction of distortion in modulators only. For semiconductor lasers, pre-distortion 
is not a very effective technique. Furthermore, the operational bandwidth of pre-distortion is restricted 
to < 2 GHz and it is therefore not suitable for higher microwave frequencies. The feed-forward 
technique is more effective since it not only suppresses third order intermodulation distortion (IMD) 
and higher order products, but also reduces laser relative intensity noise (RIN). Since noise limits the 
dynamic range in a system, reducing non-linear distortion together with laser RIN provides a 
significant improvement in SFDR. Unlike pre-distortion, feed-forward can also eliminate both second 
and third order distortion and thus this technique can be applied to both lasers and modulators. The 
main conclusion of the chapter was that feed-forward is more suitable for linearising lasers and 
modulators for microwave applications beyond 2 GHz. Feed-forward linearisation has not previously 
been demonstrated at modulation frequencies above 3 GHz or with low cost uncooled lasers at 1550 
nm, as required for IEEE802.1 la  wireless systems operating at 5.2 GHz.
Summary of Chapter 3
In this chapter theoretical and experimental work on feed-forward was carried out. Although this work 
concentrated on directly modulated lasers the technique can also be applied to externally modulated 
transmitters. An analysis of the distortion reduction performance of feed-forward was performed. 
Through this study an understanding is gained for the choice of major design variables and how they 
affect the performance of the system. Theoretical noise reduction in feed-forward is also investigated 
and the limitations are identified. Adaptive techniques have been discussed for a robust feed-forward 
system to overcome laser drift and environmental changes.
In the experimental section a feed-forward system has been built and experimentally investigated. 
Two DFB lasers used in feed-forward have been characterised by measuring their modulation 
response. The feed-forward system can be viewed as being made up of two loops: the carrier 
cancellation loop and the distortion cancellation loop. The method for testing and tuning feed-forward 
are described in detail and the performance of individual loop is studied. After fine-tuning, the two 
loop are put together to form the complete system. Feed-forward linearisation has been demonstrated at 
the highest frequencies 5.2 GHz required for wireless applications using a low cost uncooled laser 
under direct modulation, achieving simultaneous 26 dB third order IMD suppression (i.e. from -45 dBc 
to -71 dBc) and 7 dB RIN reduction. As a result the SFDR was enhanced by 15 dB to 107 dB (1 Hz). 
The measurement of RIN has confirmed that feed-forward can reduce RDM of the laser. These results
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indicate that feed-forward linearisation is an effective technique for obtaining the required system 
dynamic range. The operational bandwidth of feed-forward was measured to be 500 MHz at 5.2 GHz 
with at least 24 dB distortion suppression and is the widest reported to date. The limiting factors in the 
performance are due to frequency dependent loss in the microwave cable and the degree of amplitude 
flatness and phase non-linearity of the components in the system resulting in amplitude and phase 
mismatch. Further improvements involve employing optical components with shorter fibre pigtails, 
allowing reduced length of microwave cables required and to alleviate the effect of the microwave 
frequency dependent loss, thus extending the bandwidth.
Transmission of multi-channel broadband QPSK signals using feed-forward is demonstrated. The 
first transmission of triple (two high power and one low power) 11 Msymb/s QPSK modulated 
channels centred around 2.4 GHz over 2.2 km single-mode fibre (SMF) using a feed-forward linearised 
laser is reported. An 1 ldB interchannel distortion suppression and 10.5 dB power advantage compared 
to the non-linearised case is achieved allowing the weaker channel to be detected successfully. Feed­
forward linearisation is also demonstrated at 5.8 GHz. An improvement in EVM of 15% for 16 QAM 
and 14% for 64 QAM has been observed with feed-forward. Intermodulation distortion is reduced by 
13 dB when two input channels are at +10 dBm input level.
In conclusion, these results suggest that feed-forward compensation is a promising technique for 
improving the dynamic range of wireless over fibre systems operating well into the microwave 
frequency range. This allows successful multi-channel transmission in a wireless over fibre system for 
wireless LAN applications and fixed wireless access systems such as WiMAX.
Summary of Chapter 4
This chapter examined network architectures for distribution of broadband wireless signals. A survey 
of available technologies was carried out, identifying their main advantages and/or disadvantages. 
Heterodyne techniques such as Optical Injection Locking (OIL), Optical Phase Lock Loop (OPLL), 
Optical Injection Phase Lock Loop (OIPLL) and sideband injection locking are considered for the 
generation of a mm-wave Local Oscillator (LO) signal. Network architectures such as star, double star, 
star-tree, bus and ring were investigated and important limitations for these systems were discussed. A 
deeper analysis of the ring architecture was presented. Reliability and scalability of the ring network 
was identified as an important factor.
In the star network all BSs are connected to the central station (CS) using a separate fibre link. 
One of the advantages of a star network is that any faulty node does not affect the rest of the network, 
and it is easy to add and remove nodes allowing upgrade ability. However, the main disadvantage of 
star networks is that it requires more fibre than a bus or ring network. A double star and star-tree 
network is a combination of two or more star networks connected together. In the Bus topology all BSs 
are connected along the main fibre called the bus or backbone. In the ring architecture all BSs are 
connected to one another in a closed loop. The advantages of the ring architecture such as equipment
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sharing and fault protection and disadvantages such as non-uniform signal quality and network upgrade 
complexity were discussed. Power budget calculations and simulations have been carried out for the 
proposed Gigabit/s (Gbit/s) system using low cost components such as uncooled directly modulated 
lasers and Coarse Wavelength Division Multiplexing (CWDM) passive components. The use of 
Semiconductor Optical Amplifiers (SOAs) in WoF links is discussed with important considerations 
regarding non-linearity.
Summary of Chapter 5
In this chapter RF and mm-wave over fibre links are described experimentally to demonstrate their 
usefulness in a full duplex bi-directional system. Experimental demonstration is carried out for two 3.5 
MSymb/s QPSK modulated wireless channels centred around 2.4 GHz transmitted over fibre with 
feed-forward linearisation at the BS to improve the dynamic range of a directly modulated uncooled 
DFB laser. Signals are generated at the CS and distributed using a CWDM 2.2 km fibre ring 
architecture. A reduction of 10 dB is observed in the spectral re-growth caused due to strong input 
from the adjacent channel together with reduction from 25% to < 10% in EVM at an input level of -25 
dBm of the weaker channel. Intermodulation distortion is reduced by 10 dB when two strong channels 
are present at +12 dBm input level.
The use of a bi-directional SOA to provide gain for both downlink and uplink optical signals 
simultaneously, with experimental results for a CWDM ring architecture which allows distribution of a 
centrally generated 40 GHz LO signal and the connection of multiple BSs in a WoF network is 
demonstrated for the first time. Successful transmission is achieved with 10.5% and 7.8% EVM values 
for the downlink and the uplink, respectively, together with clear and well defined constellations and 
eye diagrams. The use of bi-directional amplifier, together with CWDM and optical distribution of the 
mm-wave LO signal allow substantial reduction in overall system complexity and cost.
A full experimental demonstration of a mm-wave Gbit/s system using uncooled CWDM 
components is described. Successful transmission of 1 Gbit/s DPSK signals over 2.2 km of single fibre 
with frequency up/down conversion for wireless transmission in the 40 GHz band has been 
demonstrated with a BER < 10'9. The experimental results and BER are compared to theoretical 
predictions. This chapter successfully verified the feasibility of wireless over fibre systems for 
distribution of broadband mm-wave signals using low cost uncooled laser sources and CWDM passive 
components.
6.2 Objectives Realised
A number of objectives for this work were stated in the introduction and these are discussed below.
The two main objectives were to improve SFDR of semiconductor lasers and investigate low cost 
mm-wave system architectures. The first objective has been demonstrated, with experiments showing a
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successfully implemented feed-forward system at 5.2 GHz for the first time using directly modulated 
DFB lasers and enhanced the SFDR to (107 dB.Hz273) a level suitable for fibre transmission of multi­
channel wireless signals at frequencies > 5 GHz, considerably above that previously achieved. Also 
demonstrated is the use of uncooled commercially available DFB lasers in such systems for the first 
time, offering reduced system cost. The feed-forward system presented in this work can improve the 
performance of WoF systems and increase capacity as demonstrated by multi-channel data 
transmission experiments at 2.4 GHz and 5.8 GHz. The research results achieved suggest that it is 
possible to construct a WoF link using low cost uncooled directly modulated DFB laser with sufficient 
dynamic range for multi-channel or multi-operator broadband wireless signal transmission. To 
compensate for laser output drift and environment changes adaptive techniques can be implemented 
and these are discussed in greater depth in Chapter 3.
The second main objective has been demonstrated by two transmission experiments, in the mm- 
wave range. To enable distribution of the signals to a number of BSs with economical use of optical 
fibre, an architecture has been developed based on a CWDM fibre ring. The MUX, DEMUX and 
optical add-drop modules (OADMs) are all commercially available CWDM components. Using an 
optical coupler and an OADM, a fraction of the common LO signal power can be tapped off and 
directed to a BS and the remaining LO power is then routed back to the ring and directed to subsequent 
BSs. A successful generation of high spectral purity 40 GHz mm-wave LO signal is demonstrated for 
frequency up and down conversions at the BS. As with the previous 36 GHz mm-wave source [1], all 
the parts used were simple low cost, low frequency off the shelf components. The 40 GHz mm-wave 
signal is constructed using two slave lasers injection locked by a master tunable laser which was 
externally modulated at 20 GHz. This new configuration in comparison to the previous 36 GHz signals 
using Optical Injection Phase Lock Loop (OIPLL) [1] has resulted in better single sideband phase 
noise as well as significant suppression of spurious modulation signals such as the half frequency at 20 
GHz at the optical output of this LO source. With this LO source the frequency of operation can easily 
be extended to the upper mm-wave region.
The use of a bi-directional SOA to provide gain for both downlink and uplink optical signals 
simultaneously, with experimental results for a CWDM ring architecture which allows distribution of a 
centrally generated 40 GHz LO signal and the connection of multiple BSs in a wireless over fibre 
network was demonstrated. The use of bi-directional amplifier, together with CWDM and optical 
distribution of the mm-wave LO signal allows substantial reduction in overall system complexity and 
cost and permits efficient use of the optical fibre infrastructure.
To meet future needs for increased data rates 1 Gbit/s wireless access, requiring mm-wave carrier 
frequencies, techniques for mm-wave modulated optical signal generation and distribution for low cost 
signal multiplexing using CWDM techniques is experimentally demonstrated. The work demonstrates 
for the first time that uncooled DFB laser sources together with passive CWDM devices can be used in 
a mm-wave Gbit/s systems.
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All the experiments reported were performed with low cost uncooled DFB lasers except for LO 
generation. The use of uncooled lasers is attractive, as no peltier cooler will be needed. As the expected 
lifetime of an uncooled DFB laser generally is longer than a peltier cooler, this will not only result in a 
less complex arrangement, a large reduction in power consumption and small size, but the expected 
lifetime of the system will also increase leading to higher reliability [2]. This is an important step 
towards a practical and potentially very low cost mm-wave systems.
63  Novel Results Achieved
The novel results of this work are:
The first implementation of feed-forward linearisation at 5.2 GHz to reduce non-linear distortion 
using uncooled directly modulated laser sources with potential applications in WoF systems. In 
previous work Fock et al [3] have demonstrated feed-forward at lower frequencies for CATV 
applications. Suppression of third order IMD is reported at cellular frequencies in [4] with enhanced 
ACPR of W-CDMA signals [5]. In this experiment no observations were made for laser RIN reduction. 
Feed-forward linearisation has not previously been demonstrated at modulation frequencies above 3 
GHz or with low cost uncooled lasers at 1550 nm, as required for IEEE802.11a wireless systems 
operating at 5.2 GHz. In this work feed-forward is demonstrated at the highest reported frequency of
5.2 GHz with 500 MHz linearisation bandwidth having at least 24 dB distortion suppression. The main 
results are simultaneous reduction of 26 dB IMD3 distortion and 7 dB in laser RIN reduction resulting 
in enhanced SFDR by 15 dB to 107 dB.Hz273 [6]. The performance can be further improved using short 
fibre pigtailed optical components and linear RF components. The first multi-channel transmission 
experiments using feed-forward at 2.4 GHz with QPSK and 5.8 GHz using QAM modulation have 
been carried out. The performance of feed-forward was assessed with two strong channels and a third 
weak channel.
In WoF systems the BS needs to be low cost and of minimised complexity. In this work an IF over 
fibre scheme is implemented to avoid using mm-wave modulated optical signal source at the BS. The 
received uplink radio signals are down-converted to lower IF to directly modulate uncooled low cost 
optical sources and transmitted through optical fibre with low dispersion penalty. Up-conversion 
from/to mm-wave frequencies takes place in the BS using a centrally generated LO signal and 
distributed to BSs on a separate wavelength. With this architecture, the difficulties of generating a mm- 
wave modulated optical signal at the BS for the uplink is removed. Furthermore the LO can be used to 
deliver a mm-wave carrier to a number of BS, allowing cost sharing amongst BSs. Previous 
demonstrations of mm-wave over fibre systems have been reported using separate uni-directional 
erbium doped fibre amplifiers (EDFAs) to provide the necessary gain for the downlink and uplink [7, 
8]. SO A have also been used in WoF systems to extend fibre distance [9, 10]. However, no previous 
demonstrations have been reported using a bi-directional SOA. In this work [11] the use of bi­
directional SOAs in place of uni-directional EDFAs or uni-directional SOAs, together with the use of
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CWDM and optical distribution of the mm-wave LO signal, allows substantial reduction in overall 
systems complexity and cost, as will be necessary for the widespread adoption of mm-wave wireless 
access systems. It also increases utilisation of the deployed fibres, an economic advantage where leased 
fibres have to be used.
A mm-wave WoF transmission is also demonstrated, supporting broadband wireless data 
transmission rate at 1 Gbit/s. The use of uncooled components in Gbit/s wireless systems has not been 
investigated before. In the present work, successful transmission is achieved for 1 Gbit/s data. Previous 
WoF transmission experiments at Gbit/s rates have used expensive photonic components such as the 
UTC-PD [12]. Although data transmission achieved was very high the cost of the wireless link is of 
primary concern for commercial use. Here, a low cost Gbit/s solution is presented.
6.4 Suggestions for Further Work
In carrying out this work several important areas for further investigation have been identified. The 
performance of feed-forward can be improved in several ways. Future work would therefore be 
directed towards improvement of the devices and could involve replacing some of the components in 
the system with those that satisfy the criteria for maximum distortion reduction for broadband 
frequencies. These components should also have a linear phase response over the bandwidth in which 
the system is tested for accurate amplitude and phase matching. Also the use of optical components 
with shorter fibre pigtails would alleviate the frequency dependent loss in the delay matching path. 
This would enable wider bandwidth suppression and allow simultaneous 2.4 GHz and 5 GHz multi­
channel transmission. The feed-forward then can be tested with real wireless LAN and WiMAX 
signals. Another improvement includes investigating adaptive techniques to be implemented in feed­
forward circuitry to compensate changes such as component aging (laser output variation) or 
temperature drift. The penalty, however, is extra complexity. Details on various adaptive techniques 
are given in Chapter 3.
Although full duplex mm-wave systems have been demonstrated, the downlink and the uplink 
transmission were carried out separately due to limited equipment available at the time. Future 
experiments could involve simultaneous transmission of uplink and downlink transmission. The 
experiments also need to be validated for a higher number of wireless channels with simultaneous 
transmission. In the implementation of the mm-wave Gigabit/s system using direct modulation of the 
uncooled DFB laser (Chapter 5) the transmission of DPSK data was demonstrated. Larger data rates 
could be achieved for the downlink and uplink using higher order complex modulation such as QAM 
which are more spectrally efficient. An investigation of using such modulation schemes should be 
conducted to check the system performance. Finally, the use of SOA in a Gbit/s system should be 
investigated as a potential low cost mm-wave over fibre Gbit/s solution for a large number of BSs.
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